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THE  DATA  OF  GEOCHEMISTRY.' 


By  F.  W.  Clarke. 


INTRODUCnCM^. 

In  the  Croat  of  the  earth,  with  its  liquid  and  gaseous  enrelopee,  the 
ocean  and  the  atmosphere,  about  eighty  chemical  elements  are  now 
recognized.  These  elements,  the  primary  units  of  chemical  analysis, 
are  widely  different  as  r^ards  frequency ;  some  are  extremely  rare, 
othffl?  are  exceedingly  abundant.  A  few  occur  in  nature  uncombined ; 
-  but  most  of  them  are  found  only  in  combination.  The  compounds 
thus  generated,  the  secondary  units  of  geochemistry,  are  known 
as  mineral  species;  and  of  these,  excluding  substances  of  organic 
origin,  only  about  a  thousand  have  yet  been  idmitified.  By  artificial 
means  innumerable  compounds  can  be  formed;  but  in  the  chemistry 
of  the  earth's  crust  the  range  of  pos^bility  seems  to  be  extremely 
limited.  From  time  to  time  new  elements  and  new  mineral  species 
are  discovered ;  but  it  is  highly  probable  that  all  of  them  which  have 
any  large  importance  in  the  economy  of  nature  are  already  known. 
The  rarest  substances,  however,  whether  elementary  or  compound, 
supply  data  for  the  solution  of  chemical  problems;  they  can  not, 
therefore,  be  ignored  or  set  to  one  side  as  having  no  significance.  In 
scientific  investigation  all  evidence  is  of  value. 

By  the  aggregation  of  mineral  species  into  large  masses  rocks  are 
produced;  and  these  are  the  fundamental  units  of  geology.  Some 
rocks,  such  as  quartzite  or  limestone,  consist  of  one  mineral  only,  more 
or  less  impure;  but  most  rocks  are  mixtures  of  species,  in  which, 
either  by  the  microscope  or  by  the  naked  eye,  the  individual  compo- 
nents can  be  dearly  distinguished.  Being  mixtures,  rocks  are  widely 
variable  in  composition ;  and  yet  certain  typea  are  of  common  occur- 
rence, while  others  are  small  io  quantity  and  rare.  The  commonest 
rock-forming  minerals  are  naturally  the  more  stable  compounds  of 
the  most  abundant  elements;  and  the  rocks  themselves  represent  the 
outcome  of  relatively  simple  rather  than  of  complex  reactions.  Sim- 
plicity of  constitution  seems  to  be  the  prevailing  rule.     An  eruptive 
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rock,  for  example,  may  be  composed  mainly  of  eight  chemical  ele- 
ments, namely,  oxygen,  silicon,  aluminum,  iron,  calcium,  magnesium, 
sodium,  and  potassium.  These  elements  are  capable  of  combining  so 
as  to  form  some  hundreds  of  mineral  species;  and  yet  only  a  few  of  the 
latter  appear  in  the  rock  mass.  The  less  stable  species  rarely  occur; 
the  more  stable  always  predominate.  The  reactions  which  took  place 
during  the  formation  of  the  rock  were  strivings  toward  chemical 
equilibrium,  and  a  maximum  of  stability  imder  the  existing  condi- 
tions was  the  necessary  result.  The  rarer  rocks,  like  many  of  the 
rarer  minerals,  are  the  products  of  exceptional  conditions;  but  the 
tendency  toward  stable  equilibrium  is  always  the  same.  Each  rock 
may  be  regarded,  for  present  purposes,  as  a  chemical  system,  in 
which,  by  various  agencies,  chemical  changes  can  be  brought  about. 
Every  such  change  implies  a  disturbance  of  equiUbrium,  with  the 
ultimate  formation  of  a  new  system,  which,  under  the  new  conditions, 
is  itself  stable  in  turn.  The  study  of  these  changes  is  the  province 
of  geochemistry.  To  determine  what  changes  are  possible,  how  and 
when  they  occur,  to  observe  the  phenomena  which  attend  them,  and 
to  note  their  final  results  are  the  functions  of  the  geochemist.  Analy- 
sis and  synthesis  are  his  two  chief  instruments  of  research,  but  they 
become  effective  only  when  guided  by  a  broad  knowledge  of  chemical 
principles,  which  correlate  the  data  obtained  and  extract  from  the 
evidence  its  full  meaning.  From  a  geological  point  of  view  the  solid 
crust  of  the  earth  is  the  main  object  of  study ;  and  the  reactions  whidi 
take  place  in  it  may  be  conveniently  classified  under  three  heads — 
first,  reactions  between  the  essential  constituents  of  the  crust  itself; 
second,  reactions  due  to  Its  aqueous  envelope;  and  third,  reactions 
produced  by  the  ^ency  of  the  atmosphere.  That  the  three  classes 
of  reactions  shade  into  one  another,  that  they  are  not  sharply  defined, 
must  he  admitted;  but  the  distinction  between  them  is  valid  enough 
to  serve  a  good  purpose  in  the  arrangement  and  discussion  of  the 
data.  Under  the  first  heading  the  reactions  which  occur  in  volcanic 
magmas  and  during  their  contact  with  rock  masses  are  studied - 
under  the  second  we  find  the  changes  due  to  percolating  waters  and 
the  chemistry  of  natural  waters  in  general;  the  essentially  surficial 
action  of  the  atmosphere  forms  the  subject  matter  of  the  third. 

Furthermore,  for  convenience  of  study,  the  sohd  crust  of  the  earth 
may  be  r^arded  as  made  up  of  three  shells  or  layers,  which  inter- 
poietrate  one  another  to  some  extent,  but  which  are,  nevertheless, 
definite  enough  to  consider  separately.  First  and  innermost  there 
is  a  shell  of  crystalline  or  plutonic  rocks,  of  unknown  thickness, 
which  forms  the  nearest  approach  to  the  original  materia  of  which 
the  crust  was  composed.  Next,  overlying  this  layer,  is  a  shell  of 
sedimentary  and  fri^mental  rocks ;  and  above  this  is  the  third  layw 
of  soils,  clays,  gravels,  and  the  like  unconsolidated  material.    The 
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secoiid  and  third  shells  are  relatiyelj  thin,  and  consist  of  material 
derived  chiefly  from  the  first,  in  great  part  through  the  transforming 
agency  of  waters  and  of  the  atmosphere,  although  oi^anic  life  has 
had  some  share  in  bringing  about  certain  of  the  changes.  In  addi- 
tion to  the  substances  which  the  two  derived  layers  have  received 
from  the  original  plutonic  mass  they  contain  carbon  and  oxygen  taken 
up  from  the  atmosphere,  and  also  a  considerable  proportion  of  water 
which  has  become  fixed  in  the  days  and  shales.  Along  with  this  gain 
of  material,  there  bas  been  a  loss  of  salts  leached  out  into  the  ocean, 
but  the  factor  of  increase  is  the  lai^er.  When  igneous  rocks  are 
transformed  into  sedimentary  rocks,  there  is  an  average  net  gain  of 
weight  of  8  or  9  per  cent,  as  roughly  estimated  from  the  composition 
of  the  various  kinds  of  rock  under  consideration.  To  some  extent, 
then,  the  ocean  and  the  atmosphere  are  beiitg  slowly  absorbed  by  and 
fixed  in  the  solid  crust  of  the  earth;  although  under  certain  condi- 
tions this  tendency  is  reversed,  with  Uberation  of  water  and  of  gases. 
A  perfect  balance  of  this  sort,  however,  can  not  be  assumed;  and  how 
far  the  m^  absorptive  process  may  go,  it  is  hardly  worth  while  to 
conjecture.  The  data  available  for  the  solution  of  the  problem  are 
too  uncertain. 

Upon  the  subject  of  geochemistry  a  vast  literature  exists,  but  it  is 
widely  scattered  and  portions  of  it  are  difficult  of  access.  The 
general  treatises,  hke  the  classical  works  of  Bischof  and  of  Roth, 
are  not  recent,  and  great  masses  of  modern  data  are  as  yet  uncor- 
related.  The  American  material  alone  is  singularly  rich,  but  most 
of  it  has  been  accumulated  since  Roth's  treatise  was  pubUahed. 
The  science  of  chemistry,  moreover,  has  undei^ne  great  changea 
during  the  last  25  years,  and  many  subjects  now  appear  under  new 
and  generally  imfamiliar  aspects.  The  methods  and  principles  of 
physical  chemistry  are  being  more  and  more  apphed  to  the  solution 
of  geochemical  problems,'  as  is  shown  by  the  well-known  researches 
of  Van't  Hoff  upon  the  Stassfurt  salts  and  the  magmatic  studies  of 
Vc^t,  Doelter,  and  others.  The  great  work  in  progress  at  the  geo- 
physical laboratory  of  the  Carnegie  Institution  is  another  illustration 
of  the  change  now  taking  place  in  geochemical  investigation.  To 
bring  some  of  the  data  together,  to  formulate  a  few  of  the  problems, 
and  to  present  certun  general  conclusions  in  their  modern  form  are 
the  purposes  of  this  memoir.  It  is  not  an  exhaustive  monograph 
upon  geochemistry,  but  rather  a  critical  summary  of  what  is  now 
known  and  a  guide  to  the  more  important  hterature  of  the  subject. 
If  it  does  no  more  than  to  make  existing  data  available  to  the  reader, 
its  preparation  will  be  justified. 
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CHAPTER  I. 

THE  CHEMICAL  ELEMENTS. 
KATITRE    OF    THE    ELEMENTS. 

Although  many  thousands  of  compoiuids  are  known  to  chemists, 
and  an  almost  infinite  number  are  possible,  they  reduce  on  analysis 
to  a  small  group  of  substances  which  are  called  elements.  It  ia  not 
necessary  for  the  geologist  to  speculate  on  the  ultimate  nature  of 
these  bodies;  it  is  enough  for  him  to  recognize  the  fact  that  all  the 
compounds  found  in  the  earth  are  formed  by  their  union  with  one 
another  and  that  they  are  not  to  any  considerable  extent  reducible 
to  simpler  forms  of  matter  by  any  means  now  within  our  control. 
To  the  geochemist,  generally  speaking,  they  are  the  final  results  of 
analysis,  beyond  which  it  is  rarely  necessary  to  go.  This  statement, 
however,  must  not  be  taken  without  qualification.  It  is  probable, 
as  shown  by  the  writer  many  years  ago,*  that  the  elements  were 
originally  developed  by  a  process  of  evolution  from  much  simpler 
forms  of  matter,  as  is  indicated  by  the  progressive  chemical  com- 
plexity observed  in  passing  from  the  nebulEe  through  the  hotter 
stars  to  the  cold  planets.  Changes  in  the  opposite  direction  have 
been  discovered  through  recent  investigations  upon  radioactivity,' 
hy  which  an  actual  breaking  down  of  some  elements  ia  proved. 
Uranium  undei^oes  a  slow  metamorphosis  to  radium,  and  radium 
in  turn  passes  through  a  series  of  changes  which  ends  in  the  produc- 
tion of  hehimi.  Thorium  also  exhibits  a  similar  instability,  but 
thoiium,  radium,  and  uranium  are  elements  of  high  atomic  weight, 
and  therefore,  in  all  probabihty,  of  maximum  complexity.  It  is 
conceivable  that  all  the  elements  may  be  similarly  unstable,  but  in 
so  slight  a  d^;ree  that  their  transmutations  have  not  yet  been 
detected.  Speculations  of  this  order,  however,  can  be  left  out  of 
consideration  now.  For  present  purposes  the  recognized  elements 
are  our  fundamental  chemical  units,  and  the  questions  of  their 
origin  and  transmutability  may  be  neglected. 

At  present  the  elements  enumerated  in  the  subjoined  table  are 
known,  all  doubtful  substances  being  omitted.  The  radioactive  ele- 
ments, polonium,  actinium,  radiothorium,  ionium,  etc.,  are  also  dis- 

1  F.  W.Clarkt,  P19.  Scl.  Uonlhly,  Januuy,  1ST3.    SmbIboUic 
•  This  rat^sot  wIU  b«  diwunHd  at  langUi  Utw. 
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r^arded  for  die  reasons  that  they  are  imperfectly  known  and 
geologically  unimportant.  The  recently  diacovered  celtium  is  also 
too  little  known  to  be  included  here. 

The  diemieal  «I«mentf . 


Symbol. 

Sffi 

Nd 

144.3 

Ne 

20.0 

Ni 

68.68 

Nt 

222.4 

N 

14.01 

Ofl 

190.9 

Pd 

106.7 

P 

31.04 

Pt 

K 

30.10 

140.9 

Ra 

226,0 

Rh 

102.9 

Bb 

85.45 

Ru 

8a 

160.4 

Sr 

44.1 

Si 

28.3 

107.88 

23.00 

Sr 

87.63 

S 

32.06 

181.6 

Te 

127.6 

Tb 

159.2 

Th 

232.4 

Tm 

168.5 

Ti 

48.1 

W 

IS4.0 

U 

238.2 

V 

61.06 

Xe 

130.2 

Yb 

173.6 

Yt 

88.7 

65.37 

Zr 

90.0 

Aluminum-. 
Antimony.. 

Bariiun 

Simnu^  - . . . 

Bromine 

Cadmiuin. . , 

Cteflium 

Galdiun..... 

Carbon 

Cerium 

Chlorine.... 
Chromium. . 

Cobalt 

Columbium. 

Copper 

Dy^trosium. 

Erbium 

Europium.. . 

Fluorine 

Gadolinium. 

Gallium 

tjlermauium. 
Glucinum... 

Gold 

Helium 

"HydrogBn. .. 

Indium 

Iodine 

Iridium 

Iron 

Krypton 

Lanthanum - 
L«d 

T  .ithiiinn 

Lntedam... 
Magnenum.. 
Hai^anMo.. 

'Herciuy 

Uolybdeuun 


74.96 
137.37 
208.0 

no 

70.92 
112.40 
132. 81 

40.00 

12.006 
140.26 

36.46 

52.0 


167.4 

152.0 

19.0 

167.3 

60.0 

72.5 

9.1 

197.2 

4.00 

1.008 

114.8 

126.92 

193.1 


55.8 


6.94 
175.0 
24  32 
54.93 
200.6 
96.0 


Neodymiuro- . . . 

KiAei.". '.'.'.'."'.'. 
Niton 

Osmium 

Oxygen 

Pamdium 

Phoflphcnu 

Platinum 

Polasaum 

Praseodymium. . 

Radium 

Rhodium 

Rubidium 

Ruthenium 

Samarium... .... 

Scandium 

Selenium 

Silicon 

Silver 

Sodium 

Strontium 

Sulphur 

Tantalum 

Tellurium 

Terbium 

Thallium 

Thorium 

Thulium 

Tin 

Titanium 

Tungsten 

Uranium 

Vanadium 

Xenon 

Ytterbium  (Neoyt- 
terbium).. 

Yttrium 

Zinc 

Zirconium... 


DISTRIBUTION    OF    THE    BI.EMBNT8.' 

The  elements  differ  widely  in  their  abundance  and  in  their  mode  of 
diatiibution  in  nature.  Under  the  latter  heading  the  more  important 
data  may  be  sununarized  as  follows: 

Aluminum. — The  most  abundant  of  all  the  metals.  An  essential 
constituent  of  all  important  rocks  except  the  sandstones  and  lime- 

U.  Boo.  gfol.  Fiance,  2d  ser.,  vol.  i. 
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stones,  and  even  in  these  its  compounds  are  common  impurities. 
Being  easily  oxidized,  it  nowhere  occurs  native.  Found  chiefly  in 
ulicates,  such  as  the  feldapars,  micas,  claya,  etc.;  but  also  as  the 
oxide,  corundum ;  the  hydroxide,  bauxite;  as  fluoride  in  cryoUt«;  and 
in  various  phosphates  and  sulphates.  With  the  exception  of  the 
fluorides,  only  oxidized  compounds  of  aluminum  are  known  to  exist 
in  nature. 

Antimony. — Conunon,  but  neither  abimdant  nor  widely  diffused. 
Found  native,  more  frequently  as  the  sulphide,  stibnite,  also  in  vari- 
ous antimonides  and  sulphantimonidea  of  the  heavy  metals,  and  as 
oxide  of  secondary  origin.  The  minerals  of  antimony  are  generally 
found  in  metalliferous  veins,  but  the  amorphous  sulphide  has  been 
observed  as  a  deposit  upon  sinter  at  Steamboat  Springs,  Nevada. 

Argon, — ^An  inert  gas  that  forms  nearly  1  per  cent  of  the  atmos- 
phere, and  is  also  found  in  some  mineral  springs.  No  compounds  of 
ai^on  are  known. 

Arsenic. — Foimd  native,  in  two  sulphides,  in  various  arsenides  and 
sulpharsenides  of  the  heavy  metals,  as  oxide,  and  in  a  considerable 
number  of  arsenates.  Arsenopyrite  is  the  conunonest  arsenical  min- 
eral. Arsenic  is  very  widely  diffused  and  traces  of  it  exist  normally 
even  in  organic  matter.  It  is  not  an  uncommon  ingredient  in  min- 
eral, especially  thermal,  spiings.  In  its  chemical  relations  it  b 
r^arded  as  nonmetalUc  and  closely  allied  to  phosphorus. 

Surium.— Widely  distributed  in  small  quantities  throughout  the 
igneous  rocks,  probably  as  a  minor  constituent  of  the  feldspars  and 
micas,  although  other  siUcates  containing  barium  are  known.  Com- 
monly found  concentrated  as  the  sulphate,  barite,  or  as  the  carbonato, 
withcrite.    This  element  occurs  only  in  oxidized  compounds.' 

Bismuth. — Resembles  antimony  in  its  modes  of  occurrence,  but  is 
leas  common.  Native  bismuth  and  the  sulphide,  bismuthinitc,  are  its 
chief  ores.  Two  sihcatea  of  bismuth,  several  sulphobismuthides,  and 
the  telluride,  oxide,  carbonate,  vanadate,  and  arsenate  exist  as  rolar 
tively  rare  mineral  species. 

Boron. — An  essential  constituent  of  several  silicates,  notably  of 
tourmaline  and  datohto.  Its  compounds  are  obtained  commercially 
from  borates,  such  as  borax,  ulexite,  and  colemanite,  or  from  native 
orthoboric  acid,  sassohto,  which  is  found  in  the  waters  of  certain 
volcanic  spring.  Some  alkaline  lakes  or  l^oons,  especially  in  Cali- 
fornia and  Tibet,  yield  borax  in  lai^e  quantities. 

Bromine. — Found  in  natural  waters  in  the  form  of  bromides.  Sea 
water  contains  it  in  appreciable  quantities,  and  much  bromine  has 
been  extracted  from  the  brine  wdls  of  West  Virginia  and  Michigan. 
The  bromide  and  chlorobromide  of  silver  are  well-known  ores, 

1  On  barium  in  soils,  see  a.  H.  FoUyer,  liuU.  Bur.  Soils  No.  73,  U.  3.  Dapt.  Aff.,  im. 
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Oadmviim. — A  relatively  rare  metal  found  in  association  with  zinc, 
vhicb  it  resembles.     Occurs  usually  as  the  sulphide,  greenockite. 

Cteeium. — ^A  rare  metal  of  the  aUtaline  group,  allied  to  potassium. 
Often  found  in  tepidolite,  and  in  the  waters  of  some  mineral  springs. 
The  very  rare  mineral  pollucite  is  a  silicate  of  aluminum  and  cfesium. 

Calemm. — One  of  the  most  abundant  metals,  but  never  found  in 
nature  uncombined.  An  essential  constituent  of  many  rock-forming 
minerals,  especially  of  anorthite,  garnet,  epidote,  the  amphiboles, 
the  pyroxenes,  and  scapolite.  Limestone  is  the  carbonate,  fiuorspar 
is  the  fluoride,  and  gypsum  is  the  sulphate  of  calcium.  Apatite  is 
the  fluophosphate  or  chlorophosphate  of  this  metal.  Many  other 
mineral  species  also  contain  calcium,  and  it  is  found  in  nearly  all 
natural  waters  and  in  conneotion  with  organized  life,  as  in  bones 
and  shells.    Calcium  sulphide  has  been  identified  in  meteoiites. 

Corftoft. — The  characteristic  element  of  oi]ganic  matter.  In  the 
mineral  kingdom  carbon  is  found  crystallized  as  graphite  and  dia- 
mond and  also  amorphous  in  cool.  Carbon  dioxide  is  a  normal 
constituent  of  atmospheric  air.  Natural  gas,  petroleum,  and  bitumen 
are  essenti&Uy  hydrocarbons.  Carbonic  acid  and  carbonates  exist 
in  most  natural  waters,  and  gi^at  rock  masses  are  composed  of  carbon- 
ates of  calcium,  m^neeium,  and  iron.  A  few  silicates  contain  car- 
bon, but  of  these,  cuicrinite  is  the  only  species  having  petrographic 
importance. 

Cerium. — One  of  the  group  of  elements  known  as  the  metala  of  the 
rare  earths.  These  substances  are  generally  found  in  granites  or 
eheohte  syenites,  or  in  gravels  derived  therefrom.  Cerium  exists 
in  a  considerable  number  of  mineral  species,  but  the  phosphate, 
monazite,  and  the  siUcates,  cerite  and  allanite,  are  all  tiiat  need  be 
mentioned  here. 

Chlorine. — The  most  abundant  element  of  the  halogen  group. 
Commonly  found  as  sodium  chloride,  as  in  sea  water  and  rock  salt. 
Also  in  certain  rock-forming  minerals,  such  as  sodalite  and  the 
scapohtee,  and  in  a  variety  of  other  minerals  of  greater  or  less  im- 
portance. Silver  chloride,  for  example,  is  a  well-known  ore,  and 
camallite  is  valuable  for  the  potassium  which  it  contains. 

Ckromium.—^Very  widely  diffused,  generally  in  the  form  of  chro- 
mite,  and  most  commonly  in  magnesian  rocks.  A  few  chromates  and 
several  silicates  containmg  chromium  are  also  known,  but  as  rela- 
tively rare  minerals. 

Cobalt. — Less  abundant  than  nickel,  with  which  it  is  generally 
associated.  Usually  found  as  sulphide  or  arsenide,  or  in  oxidized 
salts  derived  from  those  compounds. 

ColunMum.'—A  rare  acid-forming  element  resembling  and  associ- 
ated with  tantalum.    Both  form  salts  with  iron,  manganese,  calcium, 

>  Aiso  known  ■■  "nbbhim."   The  luune  oolumbluiii  baa  mus  than  M  fnn' [ilorf^. 


16  THE  DATA  OF  QBOOHBMl&TET. 

araDium,  and  the  rare-earth  metalB,  the  minerala  columbite,  tantalite, 
and  samarskite  being  typical  examples.  All  these  minerala  are 
most  abundant  in  pegmatite  yeina. 

Copper. — ^Minute  traces  of  this  metal  are  often  detected  in  igneous 
rocks,  although  they  are  rarely  determined  quantitatively.  Also 
present  in  aea  water  in  very  small  amounts.  Its  chief  ores  are 
native  copper,  several  sulphides,  two  oxides,  and  two  carbonates. 
The  arsenides,  arsenates,  antimonides,  phosphates,  sulphates,  and 
sihcates  also  exist  in  nature,  but  are  less  important.  In  chalco- 
pyrite  and  bomite,  copper  is  associated  with  iron. 

Dysprositan. — A  httle-known  metal  of  the  rare  earths. 

EHnum. — One  of  the  rare-earth  metals  of  the  yttrium  group.  See 
"Yttrium." 

Ewropivm. — ^Another  metal  of  the  rare  earths,  of  shght  importance. 

Fluorine. — The  most  characteristic  minerals  of  fluorine  are  cal- 
cium fluoride  (fluor  spar)  and  cryohte,  a  fluoride  of  aluminum  and 
sodium.  Apatite  is  a  phosphate  containing  fluorine,  and  the  element 
is  also  found  in  a  goodly  number  of  silicates,  such  as  topaz,  tourma- 
line, the  micas,  etc.  Fluorine,  therefore,  is  commonly  present  in 
igneous  rocks,  although  in  small  quautrties. 

Gadolinium. — One  of  the  metals  of  the  rare  earths.  See  "Cerium" 
and  "Yttrium." 

GaUium.~~A  very  rare  metal  whose  salts  resemble  those  of  alu- 
minum. Found  in  traces  in  many  zinc  blendes.  Always  present 
in  spectroscopic  traces  in  bauxite  and  in  nearly  all  aluminous 
minerals. 

Oermanium. — ^A  very  rare  metal  allied  to  tin.  The  mineral  argy- 
roditfl  is  a  sulphide  of  germanium  and  silver. 

Qludnum. — A  relatively  rare  metal,  first  discovered  in  beryl,  from 
which  the  alternative  name  beryllium  is  derived.  Found  also  in  the 
aluminate,  chrysoberyl;  in  several  rare  siHcates  and  phosphates; 
and  in  a  borate,  hambeigite.  As  a  rule  the  minerals  of  gluciuum 
occur  in  granitic  rocks. 

6<M. — Found  in  nature  as  the  free  metal  and  in  tellurides.  Very 
widely  distributed  and  under  a  great  variety  of  conditions,  but 
almost  invariably  associated  with  quartz  or  pyrite.  Gold  has  been 
observed  in  process  of  deposition,  probably  from  solution  in  alkaline 
sulphides,  at  Steamboat  Springs,  Nevada.  It  is  also  present,  in  very 
small  traces,  in  sea  water. 

Helium.— An  inert  gas  obtained  from  uraninito.  The  largest 
quantities  are  derived  from  the  Ceylonese  thorianite  and  the  highly 
crystalline  uraninite  found  in  p^matite.  The  massive  mineral  from 
metalliferous  veins  contains  little  or  no  heUum.  Traces  of  helium 
also  exist  in  tho  atmosphere,  ia  spring  waters,  and  in  some  samples 
of  natural  gas. 
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Hdlmivm. — One  of  the  rai«-«arth  metftls.  Little  knoTn. 
Hydrogen. — T^tis  element  forms  about  one-ninth  part  by  weight 
of  water,  and  therefore  it  occurs  almost  everywhere  in  nature.  In 
a  majority  of  all  mineral  species,  and  therefore  in  practically  all 
rocks,  it  is  found,  ^the)r  as  occluded  moisture,  as  water  of  crystal- 
lization, or  combined  as  hydroxyl.  AU  oif;anic  matter  contains 
hydrogen,  and  hence  it  ie  an  essential  constituent  of  such  derived 
substaJtcee  as  natival  gas,  petroleum,  aephaltum,  and  coal.  The 
tree  gas  has  been  detected  in  the  atmosphere,  but  in  very  minute 
quantities. 

Jvdium. — A  rare  metal,  found  in  very  small  quantities  in  certain 
zinc  blendes.  Spectroscopic  traces  of  it  can  be  detected  in  many 
minerals,  especially  in  iron  ores. 

Iodine. — The  least  abundant  element  of  the  halogen  group.  Found 
in  sea  Water,  in  certain  mineral  springs,  and  in  a  few  rare  minerals^ 
especially  the  iodides  of  silver,  copper,  and  lead.  Calcium  iodate, 
lautarite,  exists  in  the  Chilean  nitrate  beds. 
Iridium. — A  metal  of  the  platinum  group.  See  "Platinum." 
Iron. — ^Next  to  aluminum,  the  most  abundant  metal,  although 
native  iron  is  rare.  Found  in  greater  or  lees  amount  in  practically 
all  rocks,  especially  in  those  i^iich  contain  amphiboles,  pyroxenes, 
micas,  or  tjivine.  Magnetite  and  hematite  are  oxides  of  iron,  limon- 
ite  19  a  hydroxide,  pyrite  and  marcasite  are  sulphides,  siderite  is 
the  carbonate,  and  there  are  also  many  siUcatfls,  phosphatee,  arse- 
natfis,  etc.,  which  contain  this  element.  The  mineral  species  of  which 
iron  is  a  normal  coiutituent  are  numbered  by  hundreds. 

Krypton. — An  inert  gas  of  the  aigon  group,  found  in  small  quanti- 
ties in  the  atmosphere. 

LaniAonum. — ^A  metal  of  the  rare-earth  group,  almost  invariably 
associated  witii  cerium,  {.  V.  Lanthanite  is  the  carbonate  of 
knthanum. 

Laid. — Found  chiefly  in  the  sulphide,  galena,  from  which,  by 
alteration,  various  oxides,  the  sulphate,  and  the  carbonate  are  derived. 
Native  lead  is  rare.  A  number  of  sulpbosalts  are  known,  several 
ailicatee,  and  also  a  phosphate,  an  arsenate,  and  some  vanadates. 
Galena  is  frequently  associated  with  pyrite,  marcasite,  and  sphalerite. 
Liffanan. — One  of  the  alkaline  metals.  Traces  of  it  are  found  in 
nearly  all  igneous  rocks,  and  in  the  waters  of  many  mineral  springs. 
The  more  important  lithia  minerals  are  lepidolite,  spodumene,  petal- 
it«,  amblygonite,  triphylite,  and  the  lithia  tourmalines. 

Ltitedum. — One  of  the  rare-earth  minerals.  See  "Yttrium  and 
Ttterbium." 

Magnegium. — One  of  the  most  abundant  metals.    In  igneous  rocks 
it  is  represented  by  amphiboles,  pyroxenes,  micas,  and  olivine.    Talc, 
97270°— Bull.  «ie— 16 2 
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chlorite,  and  serpentine  are  common  magnesium  silicatee,  and 
dolomite,  the  carhonate  of  magnesia  and  lime,  is  also  found  in 
enormous  quantities.  Magnesium  compounds  occur  in  sea  wat«r  and 
in  many  mino-al  springs.     The  metal  is  not  found  native. 

Manganese. — Widely  diffused  in  small  quantities.  Found  in  most 
rocks  and  in  some  mindral  waters.  Never  native.  Occurs  commonly 
in  silicates,  oxides,  and  carbonates,  less  frequently  in  sulphides, 
phosphates,  tungstates,  columbates,  etc.  Hie  dioxide,  pyrolusite, 
and   the   hydroxide,   psilomelane,    are   the   commonest  : 


Mercury. — ^This  metal  is  neither  abundant  nor  widely  diffused. 
Exists  as  native  mercury,  but  is  usually  found,  locally  conc«ttrated, 
in  the  form  of  the  sulphide,  cinnabar.  Chlorides  of  mercury,  the 
oxide,  the  selenide,  and  the  telluride,  are  relatively  rare  minerals. 
Cinnabar  has  been  observed  in  process  of  deposition  by  solfataric 
action  at  Sulphur  Bank,  California;  and  Steamboat  Springs,  Nevada. 

Molybdenum. — One  of  the  rarer  metals.  Moat  frequently  found  in 
granite  in  the  form  of  the  sulphide,  molybdenite.  The  molybdates 
of  iron,  calcium,  and  lead  are  also  known  as  mineral  species. 

Neodifmium. — One  of  the  rare-earth  metals  associated  with  cerium. 

Neon. — ^An  inert  gas  of  the  ai^on  group,  found  in  minute  traces  in 
the  atmosphere. 

Nickel.— Closdj  allied  to  cobalt.  Found  native,  alloyed  with 
iron,  in  meteorites  and  in  the  terrestrial  minerals  awf^uite  and 
josephinite.  Very  frequently  detected  in  igneous  rocks,  probably 
as  a  constituent  of  ohvine.  Occurs  primarily  in  sihcates,  sulphides, 
arsoaides,  antimonides,  and  as  telluride,  and  secondarily  in  several 
other  minerals.  The  presence  of  nickel  is  especially  characteristic 
of  m^nesian  igneous  rocks,  and  it  is  generally  associated  in  them 
with  chromium. 

Niton. — The  gaseous  emanation  of  radium.  It  is  the  highest 
member  of  the  argon  group. 

Nitrogen. — "Hie  predominant  element  of  the  atmosphere,  in  which 
it  is  uncombined.  Also  abundant  in  organic  matter,  and  in  such 
derived  substances  as  coal.  Nitrates  ore  found  in  the  soil  and  in 
cave  earth;  and  in  some  arid  regions,  as  in  Chile,  they  exist  in 
enormous  quantities.  Some  volcanic  waters  contain  nitrog^i  in  t^e 
form  of  ammonium  compounds. 

Osmium.— A  metal  of  the  platinum  group.     See  "Platinum." 

Ojn/gen.—The  most  abundant  of  the  elements,  forming  about  one- 
half  of  all  known  terrestrial  matter.  In  the  free  state  it  constitutes 
about  one-fifth  of  the  atmosphere;  and  in  water  it  is  the  chief  ele- 
ment of  the  ocean.  All  important  rocks  contain  oxygen  in  propor- 
tions ranging  from  45  to  53  per  cent. 

Palladium. — A  metal  of  the  platinum  group. 
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PhoaphoruB. — Found  in  nearly  all  igneous  rocks,  generally  as  a 
constituent  of  apatite.  With  one  or  two  minor  exceptions,  it  exists 
in  the  mineral  kingdom  only  in  the  form  of  phosphates,  of  which  a 
large  number  are  known.  An  iron  phosphide  occurs  in  meteorites. 
Phosphorus  is  also  an  essential  constituent  of  hving  matter,  espe- 
cially of  bones,  and  certain  large  deposits  of  calcium  phosphate  are 
of  organic  ori^. 

Platinum.— Pltkimxan,  iridium,  osmiiun,  rutheniimi,  rhodium,  and 
palladium  constitute  a  group  of  metals  of  which  the  first  named  is 
the  most  importimt.  As  a  rule  they  are  found  associated  together, 
and  generally  imcombined.  To  the  latter  statement  there  are  two 
known  exceptions — sperrylite  is  platinum  arsenide,  and  laurite  is 
ruthenium  sulphide.  Native  platinum,  platiniridium,  iridosmine, 
and  native  palladium  are  all  reckoned  as  definite  mineral  species.  The 
metals  of  this  group  are  commonly  found  associated  with  magnesian 
rocks,  or  in  gravels  derived  from  them.  Chromite  often  accompanies 
platinum,  and  so  also  do  the  ores  of  nickel.  Sperrylite  is  found  in 
the  nickeliferous  deposits  at  Sudbury,  Canada;  and  has  also  been 
identified  in  the  sulphide  ores  of  the  Rambler  mine  in  Wyoming.  In 
the  latter  ores  palladium  is  present  also,  and  possibly,  like  the 
platinum,  as  arsenide. 

Potasaiwn. — An  abundant  metal  of  the  alkaline  group.  Found  in 
many  rocks,  especially  as  a  constituent  of  the  feldspars,  micas,  and 
leucite.  Nearly  all  terrestrial  waters  contain  potassium,  and  the 
saline  beds  near  Staasfurt,  Germany,  are  peculiarly  rich  in  it. 

Praseodymium. — A  rare-earth  metal  associated  with  cerium. 

Radium. — A  very  rare  metal  of  the  calcium-barium  group.  Ob- 
tained in  minute  quantities  from  uraninite  and  camotite.  Of  possible 
importance  in  the  study  of  volcanism.  According  to  R.  J.  Strutt,' 
traces  of  radium  can  be  detected  in  all  igneous  rocks. 

RJiodium, — A  metal  of  the  platinum  group.    See  "Platiuum." 

Bvhidvam. — ^An  alkaline  metal  intermediate  between  potassium 
and  cEesium.  Found  in  lepidolite  and  in  some  mineral  springs. 
Rubidium  b  reported  as  present  in  the  waters  of  the  Caspian  Sea. 

Ruth&iium. — A  metal  of  the  platinum  group.     See  "Platinum." 

Samarium. — ^A  rare-earth  metal  obtained  from  samarskito. 

ScaTidium. — A  rare-earth  metal  obtfdned  from  euxenite,  and  also 
from  wolfram.  According  to  O.  Eberhard '  it  is  the  most  widely 
diffused  of  aH  the  rare-earth  group,  although  it  is  found  only  in  very 
small  quantities. 

Sdenitim. — A  nonmetallic  element  allied  to  sulphur,  with  which  it 
is  commonly  associated.     Found  native,  and  also  in  the  selenides  of 

>  Pine.  Roy.  Boc.,  loL  7T,  wc.  A,  19M,  p.  172. 

■Bftian^b.  BntEnAkad.,  lWe,p.8Sl.  B«  Bbo  a  later  pver  Id  num.  News,  ml.  102, 1910,  p.  SU.  On 
rr*ni1'— "  In  AuurlcaA  WDlfnm,MaH.  S.  Lukem,  Jam.  Am.  Cbem.  Boc.,  vol.  3S,  1913,  p.  HTO. 
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copper,  silver,  mercury,  lead,  bismuth,  and  thallium.     A  few  selenites 
exist  as  secoadary  miserals. 

SUicon. — Next  to  oxygen,  the  most  abundant  element.  Found  in 
quartz,  tridymite,  opal,  and  all  silicates.  The  characteristic  element 
of  all  important  rocks  except  the  carbonates.  Silica  also  dxists  in 
probably  all  riror,  well,  and  spring  waters.  From  volcanic  waters  it 
is  deposited  in  the  form  of  sinter. 

SUver.—Tiaa  metal  occurs  native,  as  sulphide,  arsenide,  antimonide, 
teUuride,  chloride,  bromide,  iodide,  and  in  numerous  sulphosalte- 
Natjve  gold  generally  contains  some  silver,  and  the  latter  is  also  of  tea 
associated  with  native  copper.  Oxidized  compounds  of  silver  are 
known  only  as  artd£cial  products.  Smalt  traces  of  silver  exist  in  sea 
water. 

Sodium. — The  most  abundant  of  ihe  alkaline  metals.  In  igneous 
rocks  it  is  a  constituent  of  the  feldspars,  of  the  nepbeline  group  of 
minerals,  and  of  certain  pyroxenes,  such  as  a^iiite.  Also  abundant 
in  rock  salt,  and  in  nearly  all  natural  waters,  sea  water  especially. 

Strontium. — ^A  metal  intermediate  betweMi  calciiim  and  barium, 
but  less  abundant  than  the  latter.  Strontium  in  small  amount  is  a 
common  ingredient  of  igneous  rocks.  The  most  important  strontium 
minerals  are  the  sulphate,  celestite,  and  the  carbonate,  strontianite. 

Svipkur. — Found  native  and  in  many  sulphides  and  sulphates. 
Also  in  igneous  rocks  in  the  sulphatosilicatee,  haQynite  and  nosean. 
Native  sulphur  is  abundant  in  volcanic  regions,  and  is  also  formed 
elsewhere  by  the  reduction  of  sulphates.  Pyrite  is  the  commonest 
of  the  sulphides,  gypsum  of  the  sulphates.  Alkaline  sulphates  are 
obtainable  from  many  natural  waters.  Sulphur  also  exists  in  coal 
and  petroleum. 

T(vntalum.~A  rare  acid-forming  element  akin  to  columbium,  with 
which  it  is  usually  associated. 

TeUurmm. — A  semimetallic  element,  the  least  abundant  of  the 
sulphur  group.  Found  native,  and  in  the  telluridee  of  gold,  silver, 
lead,  bismuth,  mercury,  nickel,  and  copp^.  Its  oxide  and  a  few  rare 
telluratee  or  tellurites  fu-e  known  as  alteration  products. 

Terbium. — A  rare-earth  metal  of  the  jrttrium  group.  See 
"Yttrium." 

ThaUmm. — One  of  the  raret  heavy  metals.  Found  as  an  imparity 
in  pyrite  and  some  other  sulphides.  The  rare  mineral  crooke^te  is 
a  selenide  of  copper  and  thallium,  and  lorandite  is  sulphusenide  of 
thallium.  Vrbaite  is  a  sulphide  of  arsenic,  antimony,  and  thallium. 
Thormm. — A  rare  metal  of  the  titanium-zirconium  group,  the  most 
basic  of  the  series.  Chiefly  obtained  from  monazite  sand.  Also 
known  in  silicates,  such  as  thorite,  in  some  columbo-tantalates,  and 
in  certain  varieties  of  uraninite. 
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Tkvlivm. — A  rare-earth  metal  of  wliich  little  is  known. 

Tin. — ^Very  rare  native.  Moet  abundant  as  the  oxide,  casfflterite, 
-which  is  found  in  association  with  granitic  rocks.  Traces  of  tin  have 
been  detected  in  feldspar.  Stannite,  or  tin  pyrites,  is  a  sulphide  of 
tin,  copper,  and  iron,  and  a  few  other  raxe  minerals  contain  ttiia  ele- 
ment. 

TUanium. — ^This  element  is  almost  invariably  present  in  igneous 
rocks  and  in  the  sedimentary  material  derived  from  them.  Out  of 
800  igneous  rocks  analyzed  in  the  laboratory  of  the  United  States 
Geological  Survey,  784  contained  titanium.  Its  commonest  occui^ 
reuces  are  as  titanite,  ilmenite,  rutile,  and  perofskite.  The  element 
is  often  concentrated  in  beds  of  titanic  iron  ore. 

Tungsten. — An  acid-forming  heavy  metal  aUied  to  molybdenum. 
Found  as  tungstatee  of  iron,  manganese,  calcium,  and  lead  in  the 
mineralB  wolfram,  hObnerite,  scheelite,  and  stolzite. 

Dranium. — ^A  heavy  metal  found  chiefly  in  uraninite,  camotite, 
samarskite,  and  a  few  other  rare  minerals.  The  phosphates,  autunite 
and  torbemite,  are  not  uncommon  in  granites,  and  uraninite,  although 
sometimes  obtained  from  metalliferous  veins,  is  more  generally  of 
granitic  assodation.    Camotite  occurs  with  sedimentary  sandstones. 

Vanadium. — ^A  rare  element,  both  acid  and  base  forming,  and  allied 
to  phosphoroB.  Found  in  vanadates,  sutdi  as  vanadinite,  deecloizite, 
and  pucherite,  assodated  with  lead,  copper,  zinc,  and  bismuth.  Also 
in  the  silicates  roecodite  and  ardennite.  Camotite,  which  was  m^i- 
tioned  in  the  preceding  paragraph,  is  an  impure  vanadate  of  potas- 
aium  and  uraniimi.  Sulvanite  is  a  sulphovanadate  of  copper. 
Patronite,  a  sulphide  of  vanadium,  forms  a  lai^e  deposit  at  one  locality 
in  Pern. 

Xenon. — ^An  inert  gas,  the  heaviest  member  of  the  ai^n  group. 
Found  in  minute  traces  in  the  atmoephere. 

Yttrium  and  ytterbium. — ^Two  rare-earth  metals,  which,  with  lut&- 
(^um,*  erbium,  and  terbium,  are  beet  obtained  from  gadolinite. 
Yttrium  is  also  found  in  the  phosphate,  xenotime,  in  sev^al  silicates, 
and  in  some  of  the  columbo-tantalate  group  of  minerals.  The  min- 
erals of  the  rare  earths  are  generally  found  in  granite  or  pegmatite 

Ztne. — Common  and  rather  widely  diffused.  Native  zinc  has  been 
reported,  but  its  existence  is  doubtful.  The  sulphide,  sphalerite,  is 
its  commonest  ore,  but  the  carbonate,  smithsonite,  and  a  silicate, 
calamine,  are  also  abundant.    At  franklin,  New  Jersey,  zinc  is  found 

>  The  old  yttcrbtain,  lh<  TttMblnm  irf  th*  flnt  edition  of  thla  vork,  bu  bMC  ptovfld  to  Im  complax 
b7a.Urli>liiaDdAii«TcjnW«bbadi,w(Htiaglndvmd«iUy.  Th*  two  componaiti  of  the  runuv  ftM^ 
Mnm  are  b;  Grbaln  namid  luojttarblaiii  and  lutadam.  Tot  thme  WelabMb  propoees  the  duius  aUe- 
*"»"'""■  and  aaiioptiaia.  TbcmuneyttarbinmlsbanietsInedlocUienuliioaiiq^iaMntoItliamlitiir* 
■Dd  hit«di)M  toe  Ou  oihgr,  am  havjiig  prfcrjtr  ovar  lu  tjnuBjia. 
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in  a  unique  deposit,  in  which  Uie  oxide,  zincite;  the  ferrite,  frank- 
hnite;  and  the  silicates,  trooatite,  and  wiUemite,  are  the  character- 
istic ores. 

Zirconium. — Allied  to  titanium  and  rather  widely  diffused  in  the 
igneous  rocks.     It  usually  occurs  in  the  silicate,  zircon. 

RELATIVE   ABUNDANCE   OF  THE   EIJiMENTS. 

In  any  attempt  to  compute  the  relative  abundance  of  the  chenucal 
elements,  we  must  bear  in  mind  the  limitations  of  our  experience. 
Our  knowledge  of  terrestrial  matter  extends  but  a  short  distance 
below  the  surface  of  the  earth,  and  beyond  that  we  can  only  indulge 
in  speculation.  The  atmosphere,  the  ocean,  and  a  thin  shell  of  solids 
are,  speaking  broadly,  all  that  we  can  examine.  For  the  first  two 
layers  our  information  is  reasonably  good,  and  their  messes  are 
approximately  determined;  but  for  the  last  one  wo  must  assume 
some  arbitrary  limit.  The  real  thickness  of  the  lithoaphere  need  not 
be  considered;  but  it  seems  probable  that  to  a  depth  of  10  miles 
below  sea  level  the  rocky  material  can  not  vary  greatly  from  the 
volcanic  outflows  which  wo  recognize  at  the  surface.  This  thicknees 
of  10  miles,  then,  represents  imown  matter,  and  gives  us  a  quantita- 
tive basis  for  study.  A  shell  only  6  miles  thick  would  barely  clear 
the  lowest  deeps  of  the  ocean. 

I  am  indebted  to  Dr.  R.  S.  Woodward  for  data  relative  to  tita 
volume  of  matter  which  is  thus  taken  into  account.  The  volume  of 
the  10-mile  rocky  crust,  including  the  mean  elevation  of  the  con- 
tinents above  the  sea,  is  1,633,000,000  cubic  miles,  and  to  this 
material  we  may  assign  a  mean  density  not  lower  thui  2.5  nor  much 
higher  than  2.7.  The  volume  of  the  ocean  is  put  at  302,000,000 ' 
cubic  miles,  and  I  have  ^ven  it  a  density  of  1.03,  which  is  a  trifle 
too  high.  The  mass  of  the  atmosphere,  so  far  as  it  can  be  deter- 
mined, is  equivalent  to  that  of  1 ,268,000  cubic  miles  of  water,  the  unit 
of  density.  Combining  these  data,  we  get  the  following  expressions 
for  the  composition  of  the  known  matter  of  our  globe : 
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Cimpotilion  of  humn  maU^  n/  tht  earth 

2.6 

0.03 
7.08 
92.89 

Ocean.. ".'.:::.' 

Solid  crurt. 

.  ..  do 

100.00 

100.00 

■  sir  John  Unmy  (SmUEsh  Oeog.  Usg.,  1888,  p.  S9)  cBtimala  tlie  Tolum*  of  the  ocaea  al  K3,72Z,150 
enbla  inlka.  K.  KaisMns,  mora  recsntl;  (Elm  neue  nerecliniiiig  dsr  mlttlacsn  Tlelm  d«  Oiwbiw,  IUBng. 
Dbs.,  EM,  IBM),  put  it  at  1,385,935,311  cubic  kllamsten,  or  3a7,tge,CnO  cubic  miks.  Xaretais  glvaagaad 
BumnarrorprBVlousaittaialw,  whiohTaryvrtdelj.  AoconlinKtoO.  Krilniii»l,lh«Tohiiiieh31iyje7,S00 
cable  mOaa  (Encyo.  Brllanulas,  llth  ed.,  vol.  19,  p.t>71).  To  change  tb«  fl<ur*  glvvi  In  the  text  would 
baatrnlnliic  altar  unattainable  precUam. 
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Id  short,  we  can  regard  the  surface  layer  of  ihe  earth,  to  a  depth 
of  10  miles,  as  consisting  very  nearly  of  93  per  cent  sohd  and  7  per 
cent  liquid  matter,  treating  the  atmosphere  as  a  small  correction  to 
be  applied  when  needed.'  The  figure  thus  assigned  to  the  ocean  is 
probahly  a  litUe  too  high,  hut  its  adoption  makes  an  allowance  for 
the  fresh  waters  of  the  glohe,  which  are  too  small  in  amount  to  be 
estimable  directly.  Their  insignificance  may  be  inferred  from  the 
fact  that  a  section  of  the  10-mile  crust  having  the  surface  area  of 
the  United  States  represents  only  about  1.5  per  cent  of  the  entire 
mass  of  matter  under  consideration.  A  quantity  of  water  equivalent 
to  1  per  cent  of  the  ocean,  or  0.07  per  cent  of  the  matter  now  con- 
sidered, would  cover  all  the  land  areas  of  the  globe  to  a  depth  of  290 
feet.  Even  the  mass  of  Lake  Superior  thus  becomes  a  ne^gihle 
quantity.  The  significance  of  uude^jound  waters  wiU  be  discussed 
later. 

The  composition  of  the  ocean  is  easily  determined  from  the  data 
given  by  EHttmar  in  the  report  of  the  ChaUeTiger  expedition.'  The 
maximum  salinity  observed  by  him  amounted  to  37.37  grams  of  salts 
in  a  kilogram  of  water,  and  by  taking  this  figure  instead  of  a  lower 
average  value  we  can  allow  for  saline  masses  inclosed  within  the 
solid  crust  of  the  earth,  which  would  not  otherwise  appear  in  the 
final  estimates.  Combining  this  datum  with  Dittraar's  figures  for 
the  average  composition  of  the  oceanic  salts,  we  get  the  second  of 
the  subjoined  columns.  Other  elements  contained  in  sea  water,  but 
only  in  minute  traces,  need  not  be  considered  here.  No  one  of  them 
could  reach  0.001  per  cent. 


Compotition  of  ocemtw  miltt. 

NaCl 77.76 

MgCU 10.88 

MgSO, 4.74 

CaSO^. 3.60 

K,80,. 2.46 

i^Bv 22 

CaCO,. 34 

100.00 


Compo«ifibn  ofoetan. 

0 85.79 

H 10.87 

CI 2.07 

Nd- 1.14 

Mg 14 

Cft 05 


It  is  worth  while  at  this  point  to  consider  how  large  a  mass  of 
matter  these  oceanic  salts  represent.  The  averse  salinity  of  the 
ocean  is  not  far  from  3.5  per  cent;  its  mean  density  is  1.027,  and  its 
volume  is  302,000,000  cubic  miles.  The  specific  gravity  of  t^e  salts, 
as  nearly  as  can  he  computed,  is  2.25.    From  these  data  it  can  he 
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shown  that  tho  volume  of  the  saline  matter  in  the  ocean  is  a  little 
more  than  4,800,000  cubic  miles,  or  raiough  to  coTer  the  entire  surface 
of  the  United  States,  excluding  Alaska,  1.6  miles  deep.*  In  tha  face 
of  these  figures,  the  beds  of  rock  salt  at  Staaafurt  and  elsewhere, 
which  seem  so  enormous  at  close  range,  become  absolutely  trivial. 
The  allowance  made  for  them  by  uaing  the  maximum  salinity  of  the 
ocean  instead  of  the  average  is  more  than  sufficient,  for  it  gives  th^n 
a  total  volume  of  326,000  cubic  miles.  That  is,  the  data  used  for  com- 
puting the  averse  composition  of  the  ocean  and  its  avw^  signifi- 
cance as  a  part  of  all  terrestrial  matter  are  maxima,  and  therefore 
tend  to  compfflisate  for  the  omission  of  factors  which  could  not  well 
be  estimated  direcUy. 

The  average  composition  of  the  lithosphere  is  very  nearly  that  of 
the  igneous  rooks  alone.  The  sedimentary  rocks  represent  altered 
igneous  material,  from  whidi  salts  have  been  leached  into  the  ocean, 
and  to  which  oxygen,  water,  and  carbon  dioxide  have  been  added 
from  the  atmosphere.  For  these  chaises  corrections  can  be  applied, 
and  their  magnitude  and  effect,  as  will  be  shown  later,  is  surprisingly 
small.  The  thin  film  of  oiganic  matter  upon  the  surface  of  the  earth 
can  be  n^ected  altogether.  In  comparison  with  the  10-mite  thick- 
ness of  rock  below  it,  its  quantity  is  too  small  to  be  considered.  Evwi 
beds  of  coal  are  negligible,  for  their  volume  also  is  relatively  insig- 
nificant. Practically,  we  have  to  consider  at  first  only  10  miles  of 
igneous  rock,  whioh,  when  large  enough  areas  are  studied,  averages 
much  alike  in  composition  all  over  the  globe.  This  point  was  estab- 
lished in  an  earlier  memoir,  when  groups  of  analyses,  repFesentiug 
rocks  from  different  regions,  were  compared.*  The  esseoitial  uni- 
formity of  the  averages  was  unmistakable,  and  it  has  been  still  fur- 
ther emphasized  in  later  computations  by  others  as  well  as  by  mysdf . 
The  following  averages  are  now  available  for  compoHson : 

A.  My  original  avenge  of  S80  analywe,  of  which  207  were  nude  in  the  laboratory 
of  the  United  States  Geol<^ical  Survey  and  673  were  collected  from  other  sources. 
Many  of  these  analyaee  were  incomplete. 

B.  The  average  of  680  analyses  from  the  records  of  the  Survey  laboratories,  plus 
some  hundreds  of  determinatiDna  oC  silica,  lime,  and  alkalies.  The  Survey  data  up 
to  January  1,  1897. 

C.  The  average  of  S30  analyses  from  the  Survey  records,  plus  some  partial  det«^ 
minations.    The  Survey  data  up  to  January  1,  1900. 

D.  An  average  of  all  the  analyses,  partial  or  complete,  made  np  to  January  1, 1914, 
in  the  laboratoriee  of  the  Survey.* 

I  Aoavdlng  to  I.  July  (Bd.  Tnns.  Ror.  Bae.  Dublin,  M  Mr.,  toI.  7,  law,  p.  SO)  Uw  MiillDm  QUaride  la 
the  ooean  would  cover  tba  oiUro  glabQ  ll3fM(da«p.  It  Kiflmmd'*  Bgura  lOr  tha  volume  of  ths  oo«aii  b 
taken,  tbg  votunis  ol  tha  ttitt  Iwoonui  approilca«Mr  fi,iaa,000  oublo  roScs. 

iBiill.Phlliia.Bao.Wnlilnctoa,vol.II,  18W,p.l3I.  AbalnBul].U.B.O«iiI.BiirT«7No.T8,18ai,p.34. 
Al«t<iaiidmcreoompM«t^lBkEiv«aiiiPnn.  Am.  Phllos.  Soc.,vo).M,p.2Ll,iei3.  W.J.  UcBd  (Jour. 
GfloliiKTiVol.  3i,1911,p.  TT3)b7agt«ptiIa  method  h«  obtaloBd  an  iTeni*  oomptwltlon  at  tbe  Ignaoiu 
locia  T«r]r  uw  to  mfaie. 

I  Sw  Boll.  U.  B.  a«oI.  Siirw  1^0-  sm.  ins,  p.  Xi,  toe  datalk. 
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E.  An  tyengo,  compttted  by  A.  Haikor,'  of  530  uulysee  of  igneous  rocks  from 
Bridah  localities.  Uany  of  these  analyses  were  incomplete,  especially  with  respect 
to  phosphorus  and  titanium. 

F.  An  avenge  of  1, 811  analyses,  from  Washington's  tables.*  Calculated  by  H.  S. 
Washington.    The  data  represent  material  from  all  parte  of  the  world. 

Now,  ohiittiiig  minor  constituents,  which  rarely  appear  except  in 
the  more  modem  analyses,  these  averages  may  he  tabulated  together, 
although  they  are  not  absolutely  comparable.  The  comparison  as- 
sumes the  following  form: 

Avtnge  wmponftcm  o/iffruout  roelu. 


SiO,. 

A1,0, 

Fe/), 

Fri> 

MgO 

CaO 

Na,0 

KjO 

HjOatlOO".... 
H,0  above  100". 

TiO, 

PA 


15.41 
2.63 
3.52 
4.36 
4.90 
3.56 
2.80 


lg.41 

4.78 
2.70 
3.71 


1    2.17 


99. 66      99. 14 


Although  these  six  columns  are  not  very  divergent,  they  exhibit 
differences  which  may  be  more  apparent  than  real.  Differences  of 
summation  are  due  partly  to  the  omission  of  minor  constituents,  but 
the  largest  variatioos  are  attributable  to  the  water.  In  two  columns 
hygroscopic  water  is  omitted;  in  two  it  is  not  distinguished  from 
combined  water;  in  two  a  discrimiaatioB  is  made.  By  rejecting  the 
figures  for  water  and  recalculating  to  100  per  cent  the  averages 
become  more  nearly  alike,  as  follows : 

Average  etmtpoiilum  o/igneout  roekt,  rtdueed  to  tmtformit]/. 


A 

B 

c 

o 

E 

F 

69.97 
15.39 
4.03 
3.56 
4.60 
6.41 
3.28 
2.97 
.66 
.23 

61.22 
15.75 
2.71 

4  61 
493 
3.69 
2.90 

.M 
.22 

61.12 
16.77 
2.69 
3.60 
4.46 
6.02 
3.63 
2.87 
.61 
.23 

61.60 
15.38 
2.74 
3.67 
3.93 
4.99 
3.49 
3.10 
.81 
.30 

60.76 
16.87 
4.92 
2.78 
3.82 
4.97 

2^85 
.63 
.22 

ISgO 

ss;.v;.v;;::::;::::::::::::: 

kj6 

«5;::;;;.::::::::::::::::::: 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

■TartJHT  IfMoua  rocks  of  Iha  Iila  of  &k7«:  iltm.  Otol.  Boner  Dnltsd 
MtUtf  kTings  mppwn  b  a«ol.  Hag-,  ISM,  P-  39). 

>  Pntf.  Pftptr  V.  8.  a«L  Bumr  Ko.  14,  ISOS,  p.  IDS.    In  thi]  avvaga  and  hi  HukVs 
fv  mmganaw,  which  I  Itar*  tMUpcnirlly  out  ot  looouiU.    On  tlM  aran 

M*  F.  F.  Onnt,  BOmt,  vol.  13,  isio,  p.  m. 
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Of  the  averages,  only  D  ftnd  F  need  be  considered  any  further, 
for  they  include  the  largest  maaaes  of  trustworthy  data.  A  was  only 
a  preliminary  computation;  B  and  C  are  included  under  D.  Harker's 
average  contains  too  many  incomplete  analyses.  D  and  F,  however, 
are  not  strictly  equivalent.  Washington's  average  relataa  only  to 
analyses  which  were  nominally  complete  and  made  in  many  labora- 
tories by  very  diverse  methods.  My  average  represents  the  homo- 
geneous work  of  one  laboratoiy,  and  includes,  moreover,  many  partial 
determinations.  For  the  simpler  salic  rocks  determinations  of  dUca, 
lime,  and  alkalies  are  generally  all  that  is  needed  for  petrographic 
purposes.  The  femic  rocks  are  mineral<^cally  more  complex,  and 
for  them  full  analyses  are  necessary.  The  partial  analyses,  there 
fore,  represent  chiefiy  saUc  rocks,  and  their  inclusion  in  the  averse 
tends  to  raise  the  percentage  of  sihca  and  to  lower  the  proportions  of 
other  elements.  The  salic  rocks,  however,  are  more  abundant  than 
those  of  the  other  class,  and  so  the  higher  figure  for  silica  seems  more 
probable.  This  conclusion  b  in  line  with  the  criticisms  of  F.  P. 
Mennell,'  who  thinks  that  the  femic  rocks  received  excessive  weight 
in  my  earlier  averages.  Mennell  has  studied  the  rocks  of  southern 
Africa,  where  granitic  types  are  predominant,  and  believes  that  the 
true  average  should  approximate  the  composition  of  a  granite.  His 
criticisms  are  entitled  to  serious  consideration,  but  they  are  not 
absolutely  conclusive.  A  study  of  the  composition  of  river  waters 
originating  in  areas  of  crystalline  rocks  reveals  a  preponderance  of 
calcium  over  alkalies  which  waters  from  purely  granitic  environment 
could  hardly  possess.  Granitoid  rocks,  such,  for  example,  as  quartz 
monzonite,  are  also  abundant,  and  the  average  composition  is  likely 
to  be  near  that  of  a  diorite  or  andesite.*  The  whole  land  surface  of 
the  earth  must  be  taken  into  account  before  the  true  average  can  be 
finally  ascertained. 

So  far,  the  final  averse  has  only  been  partly  given;  the  minor  con- 
stituents of  the  rocks  remain  to  be  taken  into  account.  In  the  labor- 
atory of  the  Geological  Survey  the  analyses  of  igneous  rocks  have  been 
unusually  elaborate,  and  many  things  have  been  determined  that  are 
too  often  ignored.  The  complete  average  is  given  in  the  next  table, 
with  the  number  of  determinations  to  which  each  figure  corresponds. 
In  the  elementary  colunm  hygroscopic  water  docs  not  appear,  but 

I  Owl.  Usg.,  1M4,  p.  aas;  IMH,  p.  na.  Forotheid]soanlami>tttMdataelv«nlniiiyhirnMipapcnM* 
L.D«t.uui)tr,RsTUSgte.ul.,Apr.a),18M:widC.0cliaakiu3,Zaftsdii.pnkt.a«lDgk,l'^>lBB^  Coin. 
pvt^so  R.  A.  Dalf  (Bull.  U.  B.  Oeol.  Survey  No.  30B,  IMS.p.  110),«boaigiui 


ig  (Oeol.  Uig.,  IBll,  p.  MS)  argues  bi  favor  ol  two  fu 
told  and  gabtoold.  Thonarethooght  to  beprgwnt  Id  about  equal  propotioiig  In  thslitbasphara,  and  ttaalr 
ftTVsce  oompcottlon  Is  close  to  tbot  found  b;  CUrks  and  WashlngtDn.  On  th«  nuan  aUnnlc  veli^t  of  the 
(arth'B  ciust  MS  L.  Ds  Launay,  Compt.  Rand.,  vol.  ISO,  IfllO,  p.  1170.  See  also  A.  E.  Fatsmann  (Bull. 
Aoad.  St.  PMsntnirg,  ISII,  p.  3fi7)  fora  calimlaUon  of  tha  atonik  paroentagtB  of  tlia  mora  important  rock- 
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an  allowance  is  made  for  a  small  amount  of  iron  which  was  reported 
in  the  analyaea  as  FeS,.  When  a  "trace"  of  anything  ia  recorded,  it 
is  arbitrarily  reckoned  as  0.01  per  cent,  and  when  a  substance  is 
known  to  be  absent  from  a  rock,  by  actual  determination  of  the  fact, 
it  is  assigned  zero  value  in  making  up  the  aver^es.* 


Average  eompontum  ojigaamf  r 

pciti  tn  Mail. 

Number  ot 

Awragfc 

Boduradto 
100  p« 

0«Dl. 

^.-^^ 

8iO 

1,714 
1,193 
1,242 
1.238 

ill! 

1,632 

1,624 
912 
969 

1,140 
372 
730 

1,136 
814 
266 
112 
793 
649 

1,165 
299 
293 
102 
&81 

60.86 
15.17 
2.70 
3.52 
3.  88 
4,93 
3.44 
3.05 
.48 
1.46 
.80 
.023 
.49 
.29 
.104 
.064 
.10 
.104 
.04 
.10 
.026 
.050 
.026 
.011 

69.83 
14.98 
2.65 
3.46 
3.81 
4.84 
3.36 
2.99 
.47 
1.42 
.78 
.023 
.48 
.29 
.102 
.063 
.10 
.102 
.04 
.10 
.025 
.049 
.025 
.011 

0 

8i 

Al 

Fe 

S;.:;:: 

Na 

K 

H 

Ti 

Zr 

C 

P 

S 

CI 

F 

Ba 

Sr..- 

Mn 

Ni 

Cr 

V 

Li 

c^ 

k!6 ;■;:: ": 

H*0 

TftC" '.'. 

cS--"'-------"---------- 

F                       

092 

B»0 

.033 

Mr^n 

ylol ; ::::"" 

101. 708 

100.000 

100.000 

In  thia  computation  the  figures  for  C,  Zr,  CI,  F,  Ni,  Cr,  and  V  are 
probably  a  little  too  high.  They  show,  however,  that  these  element 
-  exist  in  igneous  rocks  in  determinable  quantities.  Fluorine,  however, 
exists  in  rocks  chiefly  in  the  mineral  apatite,  and  its  proportion  can 
be  determined  with  much  probability  from  the  percentage  of  phos- 
phorus. Computing  from  that  datum,  the  percentage  of  fluorine 
becomes  only  0.027,  or  httle  more  than  one-fourth  of  the  figure  given 
in  the  table.  As  for  carbon,  its  probable  excess  may  be  allowed  to 
stand,  as  a  compensation,  in  our  final  reckoning,  for  the  otherwise 
undeterminable  quantities  represented  by  coal  and  petroleum.  The 
elements  not  included  in  the  calculation  represent  minor  corrections, 
to  be  applied  whenever  the  necessity  for  doing  so  may  arise.  For 
estimates  of  their  probable  amounts,  the  papers  by  J.  H.  L.  Vogt  > 


I  la  tbis  table  ill  audrMS  of  lEneoui  roaki 
uve  b«Mi  utUlud. 
>  Ziitaolir.  prskt.  Owlofla,  IHW,  pp.  2»,  81 


la  tlM  kbontorr  or  the  Surre;  down  to  Jui.  i,  m4. 
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and  J.  F.  Kemp  '  c&d  be  consulted.  A  few  more  definite  eetimateB  have 
been  made  by  Clarke  and  Steiger '  from  careful  analyses  of  large  com- 
posite samples  of  rocks  and  clays.  The  average  percentages  are  as 
follows:  CuO,  0.0130;  ZnO,  0.0049;  PbO,  0,0022;  As,0„  0.00O5. 
These  figures,  conudered  as  orders  of  magnitude,  have  a  high  degree 
of  probability.  The  remaining  elements  not  moationed  here  nor  in 
the  table  can  not  amount  to  more  than  0.5  per  cent  altogether,  and 
even  that  small  figure  is  likely  to  be  an  overestimate. 

Before  we  can  finally  determine  the  composition  of  the  Uthoephere, 
the  sedimentary  rocks  are  to  be  taken  into  account;  and  to  do  this  we 
must  ascertain  their  relative  quantity.  First,  however,  we  may  con- 
sider th^  composition,  which  has  been  determined  by  means  of  com- 
posite analyses.  That  is,  instead  of  averaging  analyses,  average 
mixtures  of  many  rocks  were  prepared,*  and  these  were  analyzed  once 
for  all.    The  resulte  appear  in  the  next  table. 

CompMile  artalytet  of  tedimentary  roett. 
i..  Compcilto  aotlysb  of  78  ibalw;  sr,  ma*  abteOy,  tlw  mvw»gt  of  two  ninllar  aanposltw,  prapvl? 

B.  Compalte  analfsh  or  Jit  BanditaDn. 

C.  CompoBlta  aaal^  o!  US  UmastoiKa. 


SiO, 

AlA 

FfeO, 

Feb 

MgO 

CaO 

Na,0 

KV3 

HjOatllO*' 

HnO  above  llO". 

TiOj 

CO, 


IW.88 

78.66 

fi.47 

4.78 

403 

1.08 

2.46 

•i.  4S 

L17 

3  IS 

6l52 

1.S1 

.46 

«.2ft 

LS2 

L34 

.31 

tA' 


MnO 

Li^ 

C,  OTganic. . 


None, 
TMce. 
Trace. 


None. 
Trace. 
Trace. 


■  Soleoo*,  Jan.  6,  IMM;  Eoon.  Oeolog7,  vol.  1,  IKK,  p.  9)7.  B«e  bIbo  *  corlotu  paper  by  W.  Avboyi,  In 
Cham. Nsm, Tcd. M,  1902,  p.  1ST,  W.N.  BarU^and  H.  R«magfl(Jaiii.  Chem.  Soc.,  vol.TI,  18»,p.G3a) 
hava  ihown  that  wms  of  tlie  taitot  tHaaeiM,  suoh  ai  Ealllom  and  Indium,  are  vldel;  illftniwii  In  raokt  and 
tDinanta.  W.  VernadBkr (Chem.  Znttalbl.,  vol.3,  1810,  p.  ITTS)  baa  abo  found  tbat  Indium, tbalUnm, 
galHuin,  rubidium,  and  cnstam  are  widely  distrlbuMd  fn  sp«ctro80oplc  trane.  VmaiAy  (CmtndbL 
ICIn..  Osol.  n.  Pal.,  IBU,  p.  7SS)  has  aba  Btadiad  Uw  oDcuiraDce  of  nattre  elemeota  In  tba  miOy'l  «nat, 
4,p.67,  Ifll*. 
dbyO.  W.8t(iae,uiid«rtiMdlraotlDno(a.K.<)Ilbvt.  Tba  amtyaM 
mra  mad«  by  B.  K.  Btokn  la  tba  bboratary  ot  tbe  V.  S.  Oaolofioal  Surra)'.  Sm  Ball.  U.  S.  OaoL 
SoTTsr  No.  29S,  1«M,  p.  90. 
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In  attempting  to  compare  these  analyaes  with  the  averse  compoei- 
tion  of  the  igneous  rocks,  we  must  remember  that  they  do  not  repre- 
sent definite  substances,  but  mixtures  shading  into  one  another.  The 
average  limestone  contains  some  clay  and  sand;  the  average  shale 
contains  some  calcium  carbonate.  Furthermore,  they  do  not  cover 
all  the  products  derived  from  the  decomposition  of  the  primitive 
rock,  for  the  great  masses  of  sediments  on  the  bottom  of  the  ocean 
are  left  out  of  account.  There  are  also  metamorphic  rocks  to  be 
considered,  such  as  chloritic  and  talcose  schists,  amphibolites,  and 
serpentines;  although  their  quantities  are  presumably  too  smfdl 
to  seriously  modify  the  final  averages.  They  might,  however,  help 
to  explain  a  defiidency  of  mi^nesium  which  appears  in  the  sedimen- 
tary analyses.  Partly  on  account  of  these  considerations,  and 
partly  because  the  sedimentary  rocks  contain  water  and  carbon  diox- 
ide which  have  been  added  to  the  original  igneous  material,  we  can  not 
recombine  the  composite  anal^es  so  as  to  reproduce  exactly  the  com- 
position of  the  primitive  matter.'  To  do  this  is  would  be  necessary 
also  to  allow  for  the  oceanic  salts,  which  represent,  in  part,  at  least, 
losses  from  the  land;  but  that  factor  in  the  problem  is  perhaps  the 
least  embarrassing.  Its  m^nitude  is  easily  estimated,  and  it  ^ves  a 
measure  of  the  extent  to  ■wiacti  the  igneous  rocks  have  been 
decomposed. 

If  we  assume  that  all  the  sodium  in  the  ocean  was  derived  from 
the  leaching  of  the  primitive  rocks,  and  that  the  average  composition 
of  the  latter  is  correct  as  stated,  it  is  easy  to  show  that  the  marine 
portion  is  very  nearly  one-thirtieth  of  that  contained  in  the  10-mile 
lithoB|di«re.  That  is,  the  complete  decomposition  of  a  shell  of  igneous 
rock  one-third  of  a  mile  thick  would  yield  all  the  sodium  in  the 
ocean.  Some  sodium,  however,  is  retained  by  the  sediments,  and  the 
analyses  show  that  it  is  about  one-third  of  the  total  amount.  That 
is,  l^e  oceanic  sodium  represents  two-thirds  of  the  decomposition, 
and  the  estimate  must  therefore  be  increased  one-half.  On  this 
basis,  a  rocky  shell  one-half  mile  thick,  completely  enveloping  the 
globe,  would  aUghtly  exceed  the  amount  needed  to  furnish  the 
sodium  of  the  sea  and  the  sediments. 

In  order  to  make  this  estimate  more  precise,  let  us  consider  the 
detailed  figures.  The  maximum  allowance  for  the  sodium  in  the 
ocean  is  1.14  per  cent.  From  my  average  the  mean  percentage  of 
sodium  in  the  igneous  rocks  is  2.50;  Washington's  figures  give  2.90. 
Now,  putting  the  ocean  at  7  per  cent  and  the  lithosphere  at  93  per 
cent  of  the  known  matter,  the  following  ratios  between  oceanic 
sodium  and  rook  sodium  are  easily  computed:  Clarke,  1  :  29.S; 
Washington,  1  :  33.9.     Hence,  the  sodium  in  the  ocean  corresponds 
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to  a  Toliime  of  igneooa  rocks,  According  to  the  first  ratioj  of  54,800,000 
cubic  miles  or,  for  the  second  estim&te,  of  48,200,000  cubic  miles. 

Suppose,  however,  that  the  average  analyses  do  not  represent  the 
true  composition  of  the  primitive  lithosphore.  We  may  then  t«st 
our  figores  by  another  assumption,  namely,  that  the  real  average 
lies  Bomewhere  between  two  evident  extremes — the  composition  of 
a  rhyoUte  and  that  of  a  basalt.  In  100  rhyoli:tes,  as  shown  in  Wash- 
ington's tables,  the  average  percentage  of  sodium  is  2.58,  while  for 
220  basdte  it  is  2.40.  These  figures  give  ratios  of  1 :  30.1  and  1 :  28.4, 
corresponding  to  rock  volumes  of  54,200,000  and  57,500,000  cubic 
miles,  respectively — quantities  of  quito  the  same  order  as  those 
previously  calculated. 

From  the  composite  analyses  of  the  sedimentary  rocks  the  cor- 
rection for  their  retained  sodium  can  be  determined.  This  sodium  is 
chiefly,  but  not  entirely,  in  ^e  shales,  and  its  amount  is  less  than 
I  per  cent,  with  a  probable  value  of  0.90.  This  is  35  per  cent  of  the 
total  sodium  in  the  average  igneous  rock,  and  the  oceanic  sodium 
represents  the  65  per  cent  removed  by  leaching.  Allowing  for  this 
sedimentary  sodium,  the  total  sodium  of  the  ocean  and  of  the  sedi- 
mentary rocks  is  represented  by  the  ratio  of 

65 :  100  =  54,800,000 :  84,300,000, 

the  last  term  giving  the  number  of  cubic  miles  of  igneous  rock  which 
has  undergone  decomposition.  This  quantity  is  that  of  a  rock  shell 
completely  enveloping  the  globe  and  0.4215  mile,  or  2,225  feet, 
thick.  If  we  accept  tho  highest  ratio  of  all,  that  furnished  -by  the 
average  basalt,  the  thickness  may  be  raised  to  2,336  feet,  while 
Washington's  data  will  give  a  much  lower  figure.  A  further  allow- 
ance of  10  per  cent,  which  is  excessive,  for  the  increase  in  volume  due 
to  oxidation,  carbonation,  and  absorption  of  water  will  raise  the 
thickness  assignable  to  the  sedimentories  from  2,225  to  2,447  feet, 
an  amount  still  short  of  the  half-mile  estirmte.  Ko  probable  change 
in  the  composition  of  the  hthosphere  can  modify  this  estimate  very 
considerably;  and  since  the  ocean  may  contain  primitive  sodium,  not 
derived  from  the  roc^,  the  half  mile  must  be  regarded  as  a  maximum 
allowance.  If  the  primeval  rocks  were  richer  in  sodium  than  those  of 
the  present  day,  a  smaller  mass  of  them  would  suffice;  if  poorer,  more 
wovdd  be  needed  to  account  for  the  salt  in  the  sea.  Of  the  two 
suppositions,  the  former  is  the  more  probable;  but  neither  assumption 
is  necessary.  If,  however,  we  assume  that  our  igneous  rocks  are  not 
altogether  primary  but  that  some  of  them  represent  re-fused  or 
metamorphosed  sedimentories,  we  must  conclude  that  they  have  been 
partly  leached  and  have  therefore  lost  sodium.  That  is,  the  original 
matter  was  richer  in  sodium,  and  the  half-mile  estimate  is  conse- 
quently much  too  large. 

'Digit  zed  by  Google 
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From  another  point  of  view,  the  thinness  of  the  sediments  can  he 
sunply  illustrated.  The  superficial  area  of  the  earth  is  199,712,000 
square  mUes,  of  which  65,000,000  are  land.  According  to  Geikie,'  the 
mean  elevation  of  all  the  continents  is  2,411  feet.  Hence,  if  all  the 
land  now  above  sea  level,  25,000,000  cubic  miles,  were  spread  uni- 
formly over  tixe  ^obe,  it  would  form  a  shell  about  660  feet  thick.  If 
wc  assume  this  matter  to  be  all  sedimentary,  which  it  certainly  is  not, 
and  add  to  it  any  probable  allowance  for  the  sediments  at  the  bottom 
of  the  sea  we  shall  stiU  fall  far  short  of  the  half-mile  shell  which,  on 
chemical  evidence,  is  a  maximum.  In  the  following  calculatioa  this 
maximum  will  be  taken  for  granted. 

The  relative  proportions  of  the  different  sedimentary  rocks  within 
the  half-mile  shell  can  only  be  estimated  approximately.  Such  an 
estimate  is  best  made  by  studying  the  average  igneous  rock  and  deter- 
mining in  what  way  it  can  break  down.  A  statistical  examination  of 
about  700  igneous  rocks,  which  have  been  described  petrographically, 
leads  to  the  following  rough  estimate  of  their  mean  miaeralogical 
composition: 

Quartz 12.0 

Feldspwi 69. 5 

Hwnblesde  and  pyroxene 16. 8 

Mica 3.8 

Acceaeory  minerala 7. 9 

100.0 
The  average  limestone  contains  76  per  cent  of  calcium  carbonate, 
and  the  composite  analyses  of  shales  and  sandstones  correspond  to 
the  subjoined  percentages  of  the  component  minerals: 

Average  composition  of  ehale  and  tarubUme. 


Bh«l«. 

Suiditont. 

QuartB" 

22.3 
30.0 
25.0 
5.6 
6.7 
11.4 

100.0 

100.0 

If,  now,  we  assume  that  all  of  the  igneous  quartz,  12  per  cent,  has 
become  sandstone,  it  will  yield  IS  per  cent  of  that  rock,  wluoh  is 
evidently  a  maximum.    Some  quartz  has  remained  in  the  shales. 


1  Tsxtbook  ol  EWlogr,  tth  sd.,  vol.  i,  iW,  p.  n. 
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One  hundred  parte  of  the  average  igneous  rock  will  form,  on  decom- 
position, less  than  I S  parts  of  Bandstone. 

The  igneous  rocks  contain  as  shown  in  the  last  an^ysis  cited,  4.84 
per  cent  of  lime.  This  would  form  8.65  per  cent  of  calcium  carbon- 
ate, or  11.2  per  cent  of  an  average  limestone.  But  at  least  half  of 
the  lime  has  remained  in  the  other  sediments,  so  that  its  true  propor- 
tion can  not  reach  6  per  cent,  or  on&-third  the  proportion  of  the 
sandstones.  The  remainder  of  the  igneous  material,  plus  some  water 
and  minus  oceanic  sodium,  has  formed  the  siliceous  residues  which 
are  grouped  under  the  vague  title  of  shale.  Broadly,  then,  we  may 
estimate  that  the  lithosphere,  within  the  limits  assumed  in  this  me- 
moir, contEuns  95  per  cent  of  igneotis  rock  and  5  per  cent  of  sedimen- 
taries.  If  we  assign  4.0  per  cent  to  the  shales,  0.75  per  cent  to  the 
sandstones,  and  0.25  per  cent  to  the  limestones,  we  shall  come  as  near 
the  truth  as  is  possible  with  the  present  data.'  On  this  basis,  the 
average  composition  of  the  Uthosphere  may  be  summed  up  as  shown 
in  the  following  table.  The  analyses  of  the  sedimentary  rocks  are 
recalculated  to  100  per  cent. 

Average  etmtponfton  of  the  ItiJioephtre. 


*F 

State 

'sr 

'Sr 

Wi^htod 

59.83 
14.98 
2.66 
3.46 
3.  SI 
4.84 
3.36 
a99 
1.89 
.78 
.02 
.48 
.29 
.11 

eaio 

16.40 
4.02 
2.45 
2.44 
3.11 
1.30 
a24 
6.00 
.65 

78.33 
4.77 
L07 

.30 
1.16 
5  50 

.46 
1.31 
L63 

.26 

519 
.81 
.54 

us:' ::'.:'.::::::.::..::.: 

Ks?::;;;::;::::::::::::: 

MkO            

7.88 

42.67 

.05 

.33 

.77 
.06 

iy        

Bo 

fK       

CO..    ..   

2.63 
.17 

6.03 
.08 

41.54 
.04 
.09 
.06 
.02 

Ka 

r:  V 

.64 

.07 

a' 

.06 
.10 
.10 
.04 
.10 
.026 
.06 
.026 
.01 

BaO 

.05 

.06 

.06 

NiO 

vA."/.:::::::::::::;: 

o!?";:;.\;::;:::;:::;:::::: 

.80 

100.000 

100.00 

100.00 

100.00 

100.000 

1 C.  B.  Vu  Hlw  (A  trwtt 
tba  BcdlOMiiluy  rocks  iolo  AS  per  i 
aod  S  per  oant  Itauatoncs.    w.  j.  m 
ttlbnts  the  nJInwiUrin  Into  BO  per ' 


Hon.  U.  B.  Oeol.  Borrey,  voL  47, 1904,  p.  HO)  dtrldM 
;  ahalee,  Including  aH  pellM  and  pttphlts,  SO  per  ceat  aandjlouea, 
id  (Iinir.  Oaology,  toI.  IE,  1907,  p.  338),  by  »  graphJo  prooeei,  dk- 
nt  Bholee,  11  per  act  wtBdnaam,  lOd  0  ptr  « 


THE  OHBHICAL  ELKUBKTS.  S3 

The  final  averse  differs  from  that  of  the  igneous  rocka  alone  only 
within  the  hmite  of  uncertainty  due  to  experimental  errors  and  to  the 
assumptions  made  as  to  the  relative  proportions  of  the  sedimentaries. 
The  values  chosen  for  the  sediments  are  approximations  only,  and 
nothing  more  can  be  claimed  for  them.  Th«y  seem  to  be  near 
the  truth — as  near  as  we  can  approach  with  data  which  are  necessarily 
imperfect — and  so  ihey  may  be  allowed  to  stand  without  further 
emendation. 

In  the  preceding  table  the  h^;roBcopic  water  of  ^e  igneous  rocks 
is  taken  into  accoimt,  but  so  far  the  underground  waters  have  been 
Delected.  For  this  omission  th«  hygroscopic  water  may  partly 
compensate,  but  the  subject  deniands  a  Uttle  closer  attcuition. 
Extravagant  estimates  of  ihe  quantity  of  underground  water  have 
been  made,  based  upon  the  fact  that  all  rocks  are  more  or  lees  porous.' 
Van  Hise,  however,  clums  that  the  pore  spaces  below  a  depth  of  6 
miles  are  probably  closed  by  the  pressure  of  the  superincumbent 
strata;  a  consideration  whidi  must  not  be  ignored.  Van  Hise 
estimates  the  volume  of  the  underground  waters  to  a  depth  of  10,000 
meters  as  equal  to  that  of  a  sheet  covering  the  continental  areas  69 
meters  or  226  feet  deep.  Fuller's  estimate  is  more  complete,  for  it 
involves  a  discwsiou  of  the  rdative  quantities  and  average  porosities 
of  the  sedimentary  and  igneous  rocks,  and  he  concludes  that  the 
volume  of  subterranean  water  is  about  one  one-hundredth  that  of 
the  ocean.  These  conclusions  require  some  modification;  for 
Adams,  by  experiments  upon  the  compreesion  of  granite,  has  shown 
that  porosity  may  exist  to  a  depth  of  at  least  1 1  miles.  In  any  case 
the  qufmtaty  of  water  is  negligible,  for,  added  to  ihe  volume  of  the 
hydrosphere  it  would  not  appreciably  affect  ihe  final  computation, 
liie  proportion  of  water  in  known  terrestrial  matter  would  be  in- 
creased by  leas  tiian  O.l  per  cent. 

With  the  data  now  before  ua  we  are  in  a  position  to  compute  the 
relative  abundance  of  the  chemical  elements  in  all  known  terrestrial 
matter.  For  this  purpose,  the  composition  of  the  lithosphere  is 
restated  in  elementary  form,  with  an  arbitrary  allowance  of  0.5  per 
cent  for  all  the  elements  not  specifically  named.  As  for  the  atmos- 
phere, 0.03  per  cent,  it  is  represented  in  the  final  results  as  if  it  were 
all  nitrogen;  an  eza^eralaon  which  allows  for  the  traces  of  nitrogen, 

■  8«a  A.  Daken,  BolL  Bo&gM.  rnnot,  raL  »,  ISU,  p.  Si;  J.  D.  Dun,  Hnoal  of  Sfoloer,  *Oi  ed.,  ISW, 
p.  Km  W.  B.  Oranln,  An.  Otak«M,  toL  18,  WBt,  p.  3a;  O.  XaDer,  Antulta  d«  rnhMi,  «th  mt.,  toL 
12,  UB7,  p.  S^  a  B.  Blkcbhr,  Wat(T.Supplr  PapK  U.  B.  OwL  SnTvef  No.  m,  UOZ,  p.  14;  T.  C.  Cbam- 
bdltn  and  B.  V.  SallSbtiry,  OMlogj,  voL  1,  IflM,  p.  aM;  C  R.  Vu  Htaa,  A  tnattoe  cm  metunorphlgiii: 
MoQ.  U.  S.  OaoL  Santj,  toL  4T,  19M,  p.  129;  U.  L.  rulhr,  VaUfSapplj  Fspv  U.  S.  0«ol.  Bvnv 
No.  UO,  1900,  p.  Of,  V.  n.  Adanu,  Tom.  aw>k^,-vaL  30, 1013,  p.  ST.  Bm  alio  n  •ddnn  by  I.  F.  Kwnp, 
Tnca.AiB.Iiiit.lIla.Eiic.,  vol.  14, 1914,  p.  3. 
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rarely  determined,  that  are  present  in  the  rocks.'  The  mean  com- 
position of  the  lithosphere,  the  hydrosphere,  and  the  atmosphere, 
then,  is  as  follows: 

Average  eompotition  of  known  Urrettrial  matter. 


Aluminum, 

bin 

Calcium 

Mam«ium. 

SocQum 

FotAafdum. . 
Hydrogen... 
Titanium..  - 

Carbon 

Chlorine 


60.02 
2S.S0 
7.30 
4.18 
3.22 
2.08 
2.36 
2.28 
.95 
.43 


Fhos 


Mtugtueoe- - 
Strontium... 
Nitrogen 


All  other  elementa,. 


The  briefest  scrutiny  of  the  foregoing  tables  will  show  that  in 
the  lithosphere  the  lifter  elements  predominate  over  the  heavier. 
All  the  abundant  elements  fall  below  atomic  weight  56,  and  above 
that,  in  the  analyses  given  on  page  27,  only  nickd,  zirconitun, 
strontium,  and  barium  appear.  The  heavy  metals,  as  a  rule,  occor 
in  apparently  laivial  quantities.  Since,  however,  the  mean  density 
of  the  earth  is  about  double  that  of  the  rocks  at  its  surface,  it  has 
sometimes  been  supposed  that  the  heavier  substances  may  be  con- 
centrated in  its  interior,  a  supposition  which  is  possibly  true,  but 
unprovable.  If  the  globe  is  similar  in  constitution  to  a  meteorite,  we 
should  expect  iron  and  nickel  to  be  abundant  in  its  mass  as  a  whole; 
but  this,  after  all,  is  nothing  more  than  a  suspicion.  One  fact  only 
seems  to  shed  a  clear  light  upon  the  problem.  A  mbctuxe  of  all  the 
dements,  in  equal  proportions  by  weight  and  in  the  free  state, 
would  have  a  density  greater  than  that  of  the  earth.    Combination 

18m  A.  D.  HHllaadN.  I.  H.  HllliE  (Jour.Agr.  BcL,vol.  2,  p.  M3),Dn  nltroEen  In  unvcethttad  sedl- 
mmtoif  iDClo.  PraaiO.MtoD.IDTpori»iiCwaalbimd.  H.  Erdmann  (Rcr.  Deulach.  choin,  Ocsell.,  vol.  ZB, 
I3W,  p.  mO)  [Dund  traces  of  nitngea  In  sevuol  rare  mliunla  from  pegmsUU.  In  a  Utar  paper,  fai  Aibalten 
auldea  Oebletander  OrosB-OaslndusbiB,  Ho.  l.lWt,  Erdnutiui  oompuMs  that  each  squart  mstei  oClaiid, 
to  a  depth  of  1  j  kOomettn,  coutaina  5  matrlu  tona  of  nltn^eo.    The  total  amount  ol  nltnigan  In  llM 
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would  increase  ih.e  deositj  of  ihe  mixture,  and  the  effect  of  internal 
pressure  would  make  it  great«r  BtilL  It  is  therefore  plain  that  in 
the  earth  as  a  whole,  whatever  may  be  the  composition  or  condition 
of  its  interior,  the  lighter  elements  are  more  abundant  than  the 
denser.  Thus  far  we  can  go,  but  no  farther.  Of  the  actual  propor- 
tions we  know  nothing. 

THE  PERIODIC    CLASSIFICATION, 

Although  the  chemical  elements  are  analyticallj  distinct,  they  are 
by  no  means  unrelated.  On  the  contrary,  they  fall  into  a  number  of 
natural  groups ;  and  within  each  one  of  theee  the  memborB  not  only 
form  similar  compounds,  but  also  exhibit,  as  a  rule,  a  regular  grada- 
tion of  propraliee.  This  relationship  has  led  to  an  important  gen- 
eralization— the  periodic  law,  or,  more  precisely,  the  periodic  classi- 
fication of  the  elements — and  in  its  li^t  some  of  their  associations 
become  extremely  suggestive. 

When  the  elranents  are  tabulated  in  the  order  of  their  atomic 
weights,  the  periodicity  shown  in  the  following  scheme  at  once  be- 
comes evident: 
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In  each  vertic^  coluiim  the  elements  are  closely  allied,  forming 
the  oatural  groups  to  which  reference  has  already  been  made.  The 
alkaline  metala;  the  series  calcium,  strontium,  and  barium;  the  car- 
bon group,  and  the  halogens  are  examples  of  this  r^ularity.  In 
other  words,  similar  elements  appear  at  r^ular  intervals  and  occupy 
^mUar  places.  If  we  follow  any  horizontal  line  of  the  table  from 
left  to  right,  a  prt^reasive  change  of  Talency  is  shown,  and  in  both 
directions  a  systematic  variation  of  properties  is  manifested.  Broadly 
stated,  the  properties  of  the  elements,  chemical  and  physical,  are 
periodic  functions  of  their  atomic  weights,  and  this  is  the  most  gen- 
eral expression  of  the  periodic  law.  At  certain  pointa  in  the  table 
gaps  are  left,  and  these  are  believed  to  correspond  to  unknown  ele- 
ments. For  three  of  the  spaces  which  were  vacant  when  MendeUef 
announced  the  law,  he  ventured  to  make  specific  predictions,  and  hia 
prophesies  have  been  verified.  The  elements  scandium,  gallium,  and 
germanium  were  described  by  him  in  advance  of  their  actual  dis- 
covery, and  in  every  essential  particular  his  predictions  were  correct. 
Atomic  wmghts,  densities,  melting  points,  and  the  character  of  the 
compounds  which  the  metals  should  form  were  foretold,  and  in  each 
case  with  a  remarkable  approximation  to  accuracy.  This  power  of 
prevision  is  characteristic  of  all  vahd  generalizations,  and  its  exhi* 
bition  in  the  periodic  system  led  to  the  speedy  adoption  of  the  latter. 
Even  radium  and  its  emanation,  niton,  fall  into  their  proper  places 
in  line  with  their  near  relatives,  barium  and  a^on. 

An  elaborate  discussion  of  the  periodic  law  would  be  out  of  place 
in  a  memoir  of  this  kind,  and  its  details  must  be  sought  elsewhere.' 
Only,  its  apphcation  to  geochemistry  can  be  considered  now.  In  the 
first  place,  on  looking  at  the  table  vertically  it  is  noticeable  that 
members  of  the  same  elementary  group  are  commonly  associated  in 
nature.  That  is,  similar  elements  have  similar  properties,  form 
similar  compounds,  and  give  similar  reactions,  and  because  of  the 
conditions  last  mentioned  they  are  usually  deposited  together.  Thus 
the  platinum  metals  are  seldom  found  apart  from  one  another;  the 
rare  earths  are  invariably  associated;  chlorine,  bromine,  and  iodine 
occur  undw  closely  analogous  drcumstances;  selenium  is  obtained 
from  native  sulphur;  cadmium  is  extracted  from  ores  of  zinc,  and 
so  on  tiirough  a  long  list  of  regularities.  The  group  relations  govern 
many  of  the  associations  which  we  actually  observe,  although  they 
are  modified  by  the  conditions  which  influence  chemical  union.  Even 
here,  however,  regularities  are  still  apparent.  In  combination  unlike 
elements  seek  one  another,  and  yet  there  appears  to  be  a  preference 
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for  ndghbors  rather  than  for  substances  that  are  more  remote.  For 
example,  silicon  follows  aluminum  in  the  order  of  atomic  weights, 
and  silicates  of  aluminum  are  by  far  the  most  abundant  minerals. 
The  next  element  in  cmler  is  phosphorus,  and  aluminum  phosphates 
are  more  common  and  more  numerous  than  the  preusely  similar  arse- 
nates. On  the  other  hand,  copper,  whose  atomic  weight  is  nearer 
that  of  arsenic,  oftener  forms  arsenates,  althou^  ita  phosphates  are 
also  known.  An  even  more  striking  example  is  furnished  by  the 
compounds  of  the  elementary  series  oxygen,  sulphur,  selenium,  and 
tellurium.  Oxides  and  oxidized  salts  of  many  elements  are  found  in 
the  mineral  kingdom,  and  most  commonly  of  metab  having  low 
atomic  weights.  From  manganese  and  iron  upward,  sulphides  are 
abundant;  but  selenium  {ind  tellurium  are  more  often  united  -mih 
the  heavier  metals  silver,  mercury,  lead,  or  bismuth,  and  tellurium 
with  gold.  The  elements  of  high  atomic  weight  appear  to  seek  one 
another,  a  tendency  which  is  indicated  in  many  directions,  even 
though  it  can  not  be  stated  in  the  form  of  a  precise  law.  The  general 
rule  is  evident,  but  its  significance  is  not  so  clear. 

We  have  already  seen  that  the  most  abundant  dements  are  among 
those  of  relatively  low  atomic  weight,  and  this  observation  may  be 
verified  still  further.  In  general,  with  some  exceptions,  the  abun- 
dance of  an  element  within  a  group  depends  on  its  atomic  weight, 
hut  not  in  a  distinctly  regular  manner.  For  instance,  in  the  alkaline 
series,  lithium  is  widdiy  diffused  in  small  quantities,  sodium  and  potas- 
sium are  very  abundant,  rubidium  is  scarce,  and  csesium  is  the  rarest 
of  all.  The  same  rule  holds  in  the  tetrad  group — carbon,  silicon, 
titanium,  zirconium,  and  thorium;  and  in  the  halogens — fluorine, 
chlorine,  bromine,  and  iodine.  In  each  of  these  series  the  abundance 
increases  from  the  first  to  the  second  member  and  then  diminishes 
to  the  end.  In  the  oxygen  group,  however,  the  first  member  is  much 
the  most  abundant  and  after  that  a  steady  decrease  to  tellurium  is 
shown.  An  exception  to  the  rule  is  found  in  the  metals  of  the  alka- 
line earths,  for  strontium  is  less  abundant  than  barium,  at  least  so  far 
as  our  evidence  now  goes.  Other  exceptions  also  seem  to  exist,  hut 
they  are  possibly  apparent  and  not  real.  In  the  light  of  better  data 
than  we  now  possess  the  anomahes  may  disappear.  Here  again  we 
are  dealing  with  an  evident  tendency  of  which  the  meaning  is  yet 
to  be  discovered.  That  the  abundance  and  associations  of  the  ele- 
ments are  connected  with  their  position  in  the  periodic  system  seems, 
however,  to  be  clear.  The  coincidences  are  many,  the  exceptions  are 
comparatively  few. 

So  much  for  the  chemical  side  of  the  question.  On  the  geological 
side  other  considerations  must  be  taken  into  account,  and  it  is  easily 
seen  that  the  periodic  law  covers  only  a  part  of  the  elementary  asso- 
ciations.   Rocks  are  formed  from  m^mas  in  which  many  and  com- 


THE  CHEMICAL  ELEMENTS.  39 

plex  reactions  are  possible  and  the  simpler  rules  goveming  sin^e 
minerals  are  no  longer  directly  applicable.  Some  regularities,  how- 
ever, can  be  recognized,  and  certain  elements  are  in  a  sense  character- 
istic of  certain  kinds  of  rock.  In  the  summary  already  given  some  of 
these  r^ularities  are  indicated.  They  have  been  generalized  by 
J.  H.  L.  Vogt'  somewhat  as  follows:  In  the  highly  siUceous  rocks 
we  find  the  largest  proportions  of  the  alkalies,  of  the  rare  earths,  and 
of  the  elements  glucinum,  tungsten,  molybdenum,  uranium,  colum- 
bium,  tantalum,  tin,  zirconium,  thorium,  boron,  and  fluorine.  The 
rocks  low  in  silica  are  richer  in  the  alkaline  earths,  and  in  magne- 
sium, iron,  manganese,  chromium,  nickel,  cobalt,  vanadium,  titanium, 
phosphorus,  sulphur,  chlorine,  and  the  platinum  metala.  To  some 
extent,  of  course,  these  groups  overlap,  for  between  the  two  rock 
classes  no  definite  line  can  be  drawn.  But  the  minerals  of  the  rare 
earths,  with  the  columbo-tantalates,  tinstone,  beryl,  etc.,  seldom  if 
ever  occur  ^Ecept  in  rocks  which  approach  the  granites  in  general 
composition;  whereas  chromium,  nickel,  and  the  platinum  metals  are 
most  commonly  associated  with  peridotitea  or  serpentines.  For  these 
differences  in  distribution  no  complete  explanation  is  at  hand;  but 
they  are  probably  due  to  differences  of  solubility.  If  we  conceive  of 
a  mediosilicic  magma  in  process  of  differentiation  into  a  salic  and  a 
femic  portion,  the  minor  constituents  will  evidently  tend  to  con- 
centrate, each  in  the  mogmatic  fraction  in  which  it  is  most  soluble. 
Scdubilities  of  this  order  are  yet  to  be  experimentally  studied. 

METEORITES. 

The  supposed  analogy  between  the  earth  as  a  whole  and  an  enor- 
mous meteorite  has  already  been  mentioned.  A  brief  statement  of 
the  chemical  nature  of  meteorites  is  therefore  not  out  of  place  here. 
All  known  meteorites  may  be  divided  into  three  classes — iron  meteor- 
itea,  stony  meteorites,  and  carbonaceous  meteorites.  The  last  class, 
BO  far  as  direct  observation  goes,  is  very  small,  and  need  not  be  con- 
sidered further.  It  is  possible  that  carbonaceous  meteorites  may  be 
numerous  but  commonly  consumed  before  reaching  the  surface  of  the 
earth,  a  supposition,  however,  which  can  only  he  entertained  as  a 
speculation.  The  two  principal  dasses  of  meteorites  merge  into  one 
anothOT,  so  that  we  have  irons,  stones,  and  all  sorts  of  intermediate 
mixtures.  The  irons  consist  mainly  of  iron  and  nickel,  with  variable 
and  minor  admixtures  of  graphite,  schreibersite,  troiUte,  etc.  The 
terrestrial  nickel-iron  of  Ovifak  in  Greenland  resembles  meteoric  iron 
in  every  e^ential  particular.  It  is,  therefore,  often  mentioned,  as 
possibly  typical  of  the  material  which  forms  the  centrosphere. 
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The  Stony  meteorites  almost,  if  not  quite  invariaUy,  contain  dis- 
seminated particles  of  nickel-iron,  but  otherwise  ore  analogous  to 
rocks  found  on  the  surface  of  the  earth.  They  are,  however,  not  like 
the  predominant  rocks  of  the  lithoephere.  Tlieir  average  composi- 
tion has  been  calculated  by  G.  P.  Merrill '  from  99  publbhed  analyses 
of  stony  meteorites,  with  the  subjoined  results.  The  first  column  of 
figures  gives  the  actual  average;  the  second  is  recalculated  to  100  per 
cent  after  rejecting  the  admixed  nickel-iron,  sulphides,  and  phosphides. 


F«md. 

3a98 

2.76 

1L61 

16.64 

1.77 

23.03 

.96 

.33 

.6» 

.84 

1.32 

L86 

.11 

MiS' :;■■:  ■:::::::;:::::::::::::;::::" 

121 

CaO                          

2.00 

a '    :;:"":: ::: 

100.64 

loaoo 

From  this  computation  it  appeats  that  the  stony  meteorites  have 
essentially  the  composition  of  a  peridotite,  and  are  quite  imlike  the 
rocks  which  make  up  the  great  mass  of  the  lithosphere.  If,  therefore, 
the  earth  was  formed  by  an  aggregation  of  meteors,  as  some  writers 
have  supposed,  their  average  character  was  probably  not  that  of 
the  meteorites  known  to-day.  Quartz  and  feldspais  are  the  most 
abundant  minerals  of  the  lithoephere  as  we  know  it,  but  are  almost 
wanting  in  the  meteorites.  A  nucleus  of  iron  with  s  stony  crust 
could  hardly  be  formed  by  any  clashing  together  of  innumerable 
meteoritic  bodies ;  if  the  earth  is  analogous  to  ihsm  it  can  only  be  as  an 
independent,  individual  meteorite  of  quite  dissimilar  composition.* 

'  Am.  Jour.  Sol.,  4Ui  aer.,  vol.  17, 190>,  p.  «>.  Sea  sbo  V.  A.  Willi,  Zelbohr.  aaarg.  Cbemle,  vol.  flt, 
ISIO,  p.  G3,  uiil  O.  C.  FurtDBtcn,  Fluid  ColDmblaa  VnaantQ  FnbUiatlDil  ISl,  »11. 

1  For  I  ciick«l  diacusalon  of  hypoQuH  nlMlre  to  the  iutiir«  uid  tempantore  ol  tbe  oeoliaptKre  hb 
H.  Ttalmie,  TempeciUur  unil  Zmtand  dm  Erdbuuni,  Jeii>,1907.  TUane  Eivea  Bun;  rakcenca  to  llUra- 
ture.  B«ealsoE.H.L.Bc]mn,BoatliArrlcaaJoar.BaL,Aprll,IV 
at  tbe  eaitb  and  anlfiu  to  H  >  low  tempentnra. 
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COMPOSTnON  OF  THE  ATMOSPHERE. 

Tho  outer  gaseous  envelope  of  our  globe — tihe  atmosphere — ^is 
commonly  regarded  as  rather  simple  in  its  constitution,  and  indeed 
so  it  is,  in  comparison  with  the  complexity  of  the  ocean  and  the  solid 
roc^  heneath.  Broadly  considered,  it  consists  of  three  chi^  con- 
stituents— ^namely,  oxygen,  nitrogen,  and  ai^on — commingled  with 
Tarioua  other  substances  in  itJativdy  small  amounts,  which  may  be 
classed,  with  some  exceptions,  as  impmitiee.  The  three  essential 
elements  of  air  are  mixed,  but  not  combined;  and  they  vary  but 
little  in  their  proportions.  They  constitute  what  may  be  called 
nonnal  or  avwage  air.  I  am  indebted  to  Sir  WilUam  Kamsay  for 
the  following  percentage  estimate  of  th«r  relative  quantities. 


Bywel^t. 

ByTolumo. 

23.024 
76.539 
1.4S7 

maS^':'vv:y:':'''V':v/^'y'^v'"y^y^y^\y/^'.'.'.. 

78.122 

100.000 

100.000 

'Witb  the  aigon  occur  cralain  rare  gases  whose  proportions  Kamsay 
estimates  as  follows :  * 

Far  oant  by  vohUDe. 

Kxypton 0.028 

Xenon 006 

Helium 0004 

Neon 00123 

TliieBe  gases,  with  argon,  are  absolutely  inert;  and  as  they  seem  to 
have  little  geological  significance  they  demand  no  further  considera- 
tion h«<e.  Helium,  as  the  end  product  of  radioactive  changes,  will 
demand  some  attention  later. 

In  addition  to  t^  elemffiitfi  enumerated  above,  ordinary  air  con- 
tains, in  varying  quantities,  aqueous  vapor,  hydrogen  dioxide,  ozone, 
carbon  dio^ode,  ammonia  and  other  compounds  of  nitrogm,  some- 
tames  sulphur,  traoee  of  hydrogen,  oiganic  matter,  and  suspended 
solids;  and  among  these  substances  some  of  the  most  active  agents 

>  Pioe.  R«7.  Soo.,  ToL  80A.,  IDOB,  p.  6M.  See  also  papers  by  Q.  daode,  Compt  Band.,  mL  ItS,  IMS, 
p.l4U,uidH.  B.Wktson,  Jour.  CIum.800.,  vol.  97, 1Sia,p.  810.  A.  Wsgatier  (Zef HChr.  SDorg.  Cbamla, 
Till  TT.HH.p  iw)tlTTn«nartlTnBH'fftVt''™'r'^''^"'''"*''™^'*'"i*"'^"^'"E''''"*''"'"'''''^''^*'"'"- 


42 


THE  DATA  OF  GEOCHBinSTBT. 


in  producing  geological  changes  are  found.  It  will  be  advantAgeous 
to  consider  them  separately  and  aotnewhat  in  detail;  and  in  so  doing 
we  shall  see  that  they  all  form  part  of  a  great  systwn  of  ciitjulaUon 
in  which  the  atmosphere  is  adding  matter  to  the  solid  globe  and 
receiying  matter  from  it  in  return.  Between  these  gains  and  losses 
no  balance  can  be  struck,  and  yet  certain  tendencies  appear  to  be 
distinctly  manifested. 

In  a  roughly  approximate  way  it  is  often  said  that  air  consists  of 
four-fifths  nitrograi  and  one-fif^  ox^en,  and  this  is  nearly  true. 
The  proportions  of  the  two  gases  are  almost  constant,  but  not  abso- 
lutely so;  for  the  innumerable  analyses  of  air  reveal  vaiiations  largw 
than  can  be  ascribed  to  experimental  errors.  A  few  of  the  better 
detraminations  are  given  in  the  subjoined  table,  stated  in  percent^es 
by  volume  of  oxygen.  They  refer,  of  course,  to  air  dried  and  freed 
from  all  extraneous  substances. 


air,  in  perrenkige  bg 
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Aubin.' 
E.W.MOTley/ 

Cleveland,  Ohio.... 

20.933 

nSae  B.  Angus  BmEUi'aeiceUeiitboakAIr  and  ntin,Loiidan,lS71.    Hill  work  coDlsIni  huodradsof 

other  uulymii. 

»  Ber,  DeulKb.  chem.  <h«dl.,  vol.  X,  18S7,p.  SH. 

( Idem,  vol.  IS,  ISSS,  p.  1800. 

<■  Idem,  vol.  30, 1H87,  p.  ISM. 

•  Compt.  Hmd.,  vol.  102, 1886,  p.  433. 

/  ClUnf  by  TTempct  In  Bpr.  Deubdi.chem.  Oesetl.,  vol.  20,  l«S7,p.  IBM. 

tCaxsBgto  Tmt.  Washlneton  PublfcatluD  No.  US,  1BI3.  Bmadict  gtna  ■  vor  oompkta  sammurof 
earili-r  iQi-cstiffKkinB. 

Some  of  these  variations  are  doubtless  due  to  different  methods 
of  determination,  but  others  can  not  be  so  interpreted.  Hempel, 
comparing  his  analyses  of  air  from  Tromsoe,  Norway,  and  Para, 
Brazil,  infers  that  the  atmosphere  is  slightly  richer  in  oxygen  near 
the  polea  than  at  the  equator,  an  inference  that  would  seem  to  need 
additional  data  before  it  can  be  r^arded  as  established.  Themost 
significant  variation  of  all,  however,  has  been  pointed  out  by  E.  W. 
Morley.'    Aa  oxygen  is  heavier  than  nitrogen,  it  has  been  supposed 

1  Am.  lour.  Sol.,  3d  sar.,  vol.  18, 1879,  p.  198;  vol.  33, 1881,  p.  417.  Far  tin  dlHrlhiUton  at  th>  diSmot 
eueslDtheatmospbneaaoocdiDgtoalavatloiijimW.J.  Hninpht^t,  BolL  IConnt  WgUIm  Ol— iMoy, 
vol.  2,  IWO,  p.  AS. 
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that  the  upper  regions  of  ihe  atmosphere  should  show  a  small  defi- 
ciency in  oxygen,  as  compared  with  air  from  lower  levels;  although 
analyses  of  samplee  collected  on  mountain  tops  and  from  halloons 
have  not  home  out  this  suspicion.  It  is  also  supposed  that  severe 
depressions  of  temperature,  the  so-called  "cold  waves,"  are  con- 
nected with  descents  of  air  from  very  great  elevations.  Morley's 
analyses,  conducted  daily  from  January,  ISSO,  to  April,  1881,  at 
Hudson,  Ohio,  sustain  this  belief.  Every  cold  wave  was  attended  hy 
a  deficiency  of  oxygen,  the  determinations,  by  volume,  ran^ng  from 
20.867  to  21.006  per  cent,  a  difference  far  greater  than  could  be 
attributed  to  errors  of  measiu'ement.  Air  taken  at  the  surface  of 
the  earth  seems  to  show  a  very  small  concentration  of  the  denser 
gas,  oxygen. 

By  electrical  discharges  in  the  atmosphere  some  oxygen  is  probably 
converted  into  its  allotropic  modification,  ozone,  although  this  point 
has  been  questioned.  Hydrogen  dioxide  is  formed  in  the  same  way, 
and  also  oxides  of  nitrogen,  and  between  these  substances,  in  minute 
traces,  it  is  not  easy  to  discriminate.  They  all  act  upon  the  usual 
recent,  iodized  starch  paper,  and  tiierefore  the  identification  of 
ozone  remains  somewhat  uncertain,  at  least  so  far  as  ordinary  chemi- 
cal teste  have  gone.  It  is  known,  however,  that  the  ultra-violet 
rays  in  the  soW  radiations  so  act  upon  cold  dry  oxygen  as  to  convert 
part  of  it  into  ozone.  This  apparently  takes  place  in  the  upper, 
drier,  and  rarefied  strata  of  the  atmosphere,  as  shown  by  absorption 
bands  in  the  solar  spectrum.^  Both  ozone  and  hydrogen  dioxide  are 
powerful  oxidizing  agente,  and  either  or  bol^  of  tiiem  play  some  part 
in  transforming  organic  matter  suspended  in  the  air  into  carbon 
dioxide,  water,  and  probably  ammonium  nitrate;  but  the  magnitude 
of  the  changes  thus  brought  about  can  not  be  estimated  with  any 
degree  of  definiteness.  Ozone  is  also  a  powerful  absorbent  of  solar 
radiations,  and  may  possibly  exert  some  influence  in  modifying 
teiKeetrial  climates.  Ite  generation  by  auroral  discharges  as  well  as 
by  ultra-violet  rays  is  considered  in  this  connection  by  Humphreys. 
According  to  H.  N.  Holmes '  the  proportion  of  ozone  in  the  atmos- 
phere is  greater  in  winter  than  in  summer. 

Wherever  animals  breathe  or  fire  bums  oxygen  is  being  withdrawn 
from  the  air  and  locked  up  in  compounds.  By  growing  plante  under 
the  iofiuence  of  sunlight,  one  of  these  compounds,  carbon  dioxide,  is 
decomposed  and  oxygen  is  liberated;  hut  the  losses  exceed  the  gains. 
So  also,  when  the  weathering  of  a  rock  involves  the  change  of  fei^ 
rous  into  ferric  compounds  oxygen  is  al^orbed,  and  only  a  portion  of 

■SnW.J. Hiuiipbnys,  AstTophyi.  J'oiir.,Tid.32.  mO,p.1l7, andauthorltlasoltadbyhlni.  kboBtotlei 
ind  BoDyny,  Compt.  Rand.,  vol.  1(7,  IMS,  p.  977.  AaunllQC  to  W.  Ha;hurst  and  I.  N.  Frjng  (Join. 
Chsm.  Sao.,  Tol.  BT,  ISII^  p.  MS)  th«  oiDD*  [n  th*  MmMphare  BDunuUi  to  1ms  than  onspart  la  loui  thouBBiid 
mUUoDi.  In  amtlio  paper  (Fnu.  Roy.  Boa.,  tdL  BOA.,  p.  9M)  Files  S»^  Uot  oil  tratu  blgb  altltudca 
oMUalm  more  omit  tbao  tit  from  lov  Isyali. 

•  Am.  CbMn.  Jour,  vol.  47,  p,  «7, 1S13L 
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it  IB  ever  agfun  released.  The  atmosphere  then  is  alowly  being 
depleted  of  its  oxygen,  but  so  alowly  tiiat  no  chemical  teet  is  ever 
likely  to  detect  ihe  change. 

The  nitrogen  of  the  atmosphere  variee  reciprocally  with  iha  oxy- 
gen, the  one  gfuning  relatively  as  the  other  loses.  But  here  again 
special  Tariations  need  to  be  considered.  By  electrical  discharges, 
as  we  have  already  seen,  oxides  of  nitrogen  are  produced,  yielding 
with  the  moisture  of  the  air  nitric  and  nitrous  acids.  Through  the 
agency  of  microbes  certain  plants  withdraw  nitrogen  directly  from 
the  air  and  thus  remove  it  temporarily  from  atmospheric  circulation. 
By  the  decay  or  combustion  of  organic  matter  some  of  this  nitr<^eo 
is  returned,  partly  in  the  free  state  and  partly  in  gaseotu  combina- 
tions. The  significance  of  theee  changes  will  he  more  clearly  seen 
when  we  consider  the  subject  of  rain.  It  is  enough  to  note  here  that 
all  the  nitrogen  of  organic  matter  came  originally  from  the  atmos- 
phwe,  and  that  at  the  same  time  a  la^er  quantity  of  ox^en  was 
also  removed.  The  relative  proportions  of  the  two  gases  are  evidently 
undei^oing  continuous  modification. 

According  to  Armand  Oautier  *  free  hydrogen  is  present  in  the 
atmosphere,  together  with  other  combustible  gases.  Air  collected 
at  the  Roches-Douvres  lighthouse,  off  the  coast  of  Brittany,  yielded 
1,21  milligrams  of- hydrogen  La  100  liters.  Air  from  the  streets  of 
Paris  was  fotmd  to  contain  the  f<dlowing  substances,  in  cubic  centi- 
meters per  100  Uteis: 

Vno  iLydiogen 19. 4 

U«aiane 12.1 

Benzene  uid  its  homolagueB 1. 7 

Oaibonk  oxide,  with  tntcee  of  olefinea  uid  ftcetylenes 2 

In  short,  air,  according  to  Gautier,  contains  by  volume  about  1  part 
in  5,000  of  free  hydrogen,  although  Rayleigh's  *  experiments  on  the 
same  subject  would  indicate  that  this  estimate  ia  at  least  six  times 
too  large.  It  is  known,  however,  that  hydrogen  is  emitted  by  vol- 
canoes in  considerable  quantities,  and  Gautier  has  extracted  the  gas 
from  granite  and  other  tocIk.  One  hundred  grams  of  granite  gave 
him  134.61  cubic  centimeters  of  hydrogen  with  other  gases,  and  from 
this  fact  important  inferences  can  be  drawn.  At  the  proper  point, 
farther  on,  this  subject  will  be  discussed  more  fully.  As  for  the 
hydrocarbons,  their  chief  source  is  doubtless  to  be  found  in  the 
decomposition  of  oi^anic  matter,  methane  o.r  marsh  gas  in  particular 
being   clearly  recognized    among   the  exhalations  from  swamps, 

I  AoDolsa  ohim.  pbyi.,  Tthsar.,  vol.  SS,  1901,  p.  5. 

•Phlli]S.Uig.,ethMr„T0l.S,ltl)2,p.4ie.  SM&la>aorltlclniib7A.L«diie,Compt.  B«id.,yi)LIS£,lt(B, 
pisei^uulnpllaloRa7kIgbuulLsdiiob;aMitl<r,ld«iii,Tid.IU,p.  l(ist;i>id.ut,p.31.  Aboapavar 
by  O.  D.  LfTBlDg  and  J.  Dcmr,  Proo.  R07.  Boo.,  tdL  ST.  IBDO,  p.  MS.  O.  Ctauda  (Coiopt  SmA,  TsL  lU, 
1V09,  p.  1  tU)  laaiid  lua  tbaD  00*  part  pM  mlllloa  of  brarofHi  In  air. 
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According  to  H.  Heoriet,"  formaldehyde  exists  in  the  atmosphere  in 
quantities  ranging  from  2  to  6  grams  in  100  cubic  meters.    Bodies 
of  this  class  are  impurities  in  the  atmosphere,  and  should  not  he  . 
reckoned  among  its  normal  constituents. 

Sulphur  compomids,  which  are  also  contaminations  of  the  atmos- 
phere, occur  in  air  in  vmable  quantities.  Hydrogen  sulphide  is 
a  product  of  putrefaction,  but  it  is  also  given  off  by  volcanoes, 
together  with  sulphur  dioxide.  The  latter  substance  is  also  pro- 
duced by  the  combustion  of  coal,  and  is  therefore  abundant  in  the 
air  of  manufacturing  districts.  At  Lille,  for  example,  A.  Ladureau^ 
found  1.8  cubic  centimeters  of  SO,  in  a  cubic  meter  of  air.  It  tmder- 
goea  rapid  oxidation  in  presence  of  moisture,  being  converted  into 
sulphuric  add,  and  that  compound,  either  free  or  represented  by 
ammonium  sulphate,  is  brought  back  to  the  surface  of  the  earth  by 
rain.  In  experiments  running  over  five  years  at  Rothamsted, 
England,  R,  Warington  '  found  that  the  equivalent  of  17.26  pounds 
of  SO,  was  annually  poured  upon  each  acre  of  land  at  that  station. 
Quantitiee  of  this  order  can  not  be  ^ored  in  any  study  of  chemical 
erosion. 

One  of  the  most  constant  and  most  important  of  the  accessory 
constituents  of  air  is  carbon  dioxide.  It  is  normally  present  to  the 
extent  of  about  3  volumes  in  10,000,  with  moderate  variations  above 
and  below  that  figure.  In  towns  its  proportion  is  higher;  in  the  open 
country  it  is  slightly  lower;  but  the  agitation  of  winds  and  atmos- 
pheric currents  prevent  its  excessive  accumulation  at  any  point. 
Only  a  few  illustrations  of  its  quantity  need  be  given  here,''  abnormal 
extremes  being  avoided. 
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o  Jon.  ClMm.8aa,ToL  51,1887,  p.  fiOO.    A  lUcr  Ogora  ghes  17.U  poimili.    Sm  N.  H.  J.  UIUw,  Jar. 
l,ltU,p.»l:    lUlerclMa  data  from  CMum,  Sinn;,  gIvlDsia.SapDnnd>.    O.  Gr>r  (Bept 
'  — o.  Adv.  8oL,  tdL  1, 1888,  p.  13S)  lOtiiid  UU  pounds  pci  ura  pv  annom  Id  4  jvta'  obstc- 
■.NawZMtand. 

'V(i7«tatMraM  data  am  (tranlnB.  Angus  SmJtb'B  Air  and  rain,  to  vhlchnhceiioa  has  alnady  bean 
mad*.  Saaal«othaezB«l]entpap«ibrB.A.  LattsandR.  F.  BlakB,ScL  Pn».  Ror.  Dublin  Scv.,  TDl.0, 
pt.  1,  ino,  iq>.  1II7-I11L  Tha  latUr  maaotr  oontalni  a  loininBry  of  all  tba  detarmlnatlons  ptsrlooslf  mada, 
with  a  TOy  thaatigh  blbUoErqib;  oC  Uw  sublact 

•  Compt.  Band.,  tA.  88, 1S7B,  p.  lOOT. 
/  Am.  Cham.  Joor.,  vol.  B,  1SS7,  p.  64. 
«  Cltad  by  LetU  and  BlakB. 

*  Sd.  Pioo.  B07.  Dublin  Soc,  toL  B,  pt.  3,  IBOO,  pp.  107-170. 
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At  3  parts  in  10,000  the  carbon  dioxide  in  the  atmosphere  amounts 
to  about  2,200,000,000,000  tons,  equivalent  to  600,000,000,000  tons 
of  carbon.' 

Thousands  of  other  determinations  having  meteorological,  sanitary, 
or  ^ricultural  problems  in  view  are  recorded,  but  their  discussion 
does  not  fall  within  the  scope  of  this  work.*  That  in  general  terms 
the  proportion  of  carbon  dioxide  in  the  atmosphere  is  very  nearly 
tmiform  is  the  point  that  concerns  us  now.  How  is  this  apparent 
constancy  maintained  t 

From  several  sources  carbon  dioxide  is  being  added  to  the  air. 
The  combustion  of  fuels,  the  respiration  of  animals,  and  the  decay  of 
organic  matter  all  generate  this  gas.  From  mineral  springs  and  vol- 
canoes it  is  evolved  in  enormous  quantities.  According  to  J.  B. 
Boussingault,'  Cotopaxi  alone  emits  more  carbon  dioxide  annually 
than  is  generated  by  life  and  combustion  in  a  city  like  Paris,  which  in 
1844  threw  into  the  air  daily  almost  3,000,000  cubic  meters  of  the  gas. 
Since  that  time  the  population  of  Paris  has  more  than  doubled,  and 
the  estimate  must  be  correspondingly  increased.  The  annual  con- 
sumption of  coal,  estimated  by  A.  Krogh  *  at  700,000,000  tons  in 
1902,  adds  yeariy  to  the  atmosphere  about  one-thousandth  of  its 
present  content  in  carbon  dioxide.  In  a  thotisand  years,  then,  if  the 
rate  were  constant  and  no  disturbing  factors  interfered,  the  amount 
of  CO3  in  the  atmosphere  would  be  doubled.  If  we  take  into  account 
the  combustion  of  fuels  other  than  coal  and  the  large  additions  to  the 
atmosphere  from  the  sources  previously  mentioned,  the  result  becomes 
still  more  startling.  Were  there  no  counterbalancing  of  this  increase 
in  atmospheric  carbon,  animal  hfe  would  soon  become  impossible 
upon  our  planet.  Figures  Hke  those  given  above  convey  some  faint 
notion  of  the  magnitude  of  the  chemical  processes  now  under  con- 
sideration. 

On  the  other  side  of  the  account  two  large  factors  are  to  be  con- 
sidered— first,  the  decomposition  of  carbon  dioxide  by  plants,  with 
hberation  of  oxygenj  and,  second,  the  consumption  of  carbon  dioxide 
in  the  weathering  of  rocks.  To  neither  of  these  factors  can  any 
precise  valuation  be  given,  although  various  writers  have  attempted 
to  estimate  their  magnitude.  E.  H.  Cook,'  for  instance,  from  very 
imcertain  data,  computes  that  loaf  action  alone  more  than  compon- 

lA.  Kiiigh(Uadddel9eroman»nlwid,Tcd.  ae,  IflM.p.  119)«3tlniBU8  thttouaCOilntbastmiaptun 
at  3.4X10"  toas.  Van  Hiss  (Uon.  V.  B.  Qtol.  Surw,  vol.  47, 1904,  p.  «M}  and  DlHnur  (duUangcr 
Rapt>rt,vol.I,pt.2,p,SM)glves<1gunso[tlie3Sii»oni<T.  Cbambodln {Joor.  Gwdog;,  vol.  ?,  IBW,  p. 681) 
ntakaa  a  lomswliBt  highs-  astimale. 

'  For  eiunpLe,  E.  L.  Uau(Proc.  Ro;.  Dublin  Soc,  Zdscr.,  toL  2, 1S7S, p.  S4)  finnd  that  Arctk  air  b 
rkherin  carbon  dioxide  than  tha  air  ot  Kn^dand.  la  air  Ima  OrMnland  A.  Krogh  (Ucddelelser  am  Oroen- 
land,va].2S,  1904,  p.  408)  foniidtheproportkeD  otcaibaa  dknldBtOTarrmun  3.6up  to  7  partBlnlO,0aa. 
Th<  prapcrtlon  del«Tiiiliud  br  R.  Lagmdni  (Compt.  Rend.,  vol.  143,  IMS,  p.  5X)  In  ooean  air  waa  UK> 
In  10,000. 

■  Aimala  chfm.  pbj^,  3d  s«T.,  VOL  10, 1844,  p.  4S6. 

•  Loc.cft.  The iHaaentcMMumptlonot  coal  BHMBdal,OOOJ>»,OOl)toiu.  Knell's  Ssuroaahould  be  com- 
apoDdinsly  modified. 

'  Fhlla.  Uag.,  Gtb  ser.,  vd.  14, 1882,  p.  887. 


..Google 


THB  ATHOBPHEBE.  47 

satee  for  the  production  of  carbon  dioxide,  and  that  witJiout  such 
compensation  the  quantity  present  in  the  air  would  double  in  about 
100  years.  Some  of  the  carbon  dioxide  thus  absorbed  is  annually 
returned  to  the  atmosphere  by  the  autumnal  decay  of  leaves,  but 
part  of  it  is  permanently  withdrawn. 

T.  Sterry  Hunt '  illustrates  the  effect  of  weathering  by  the  state- 
ment that  the  production  from  orthoclase  of  a  layer  of  kaolin,  500 
meters  thick  and  completely  enveloping  the  globe,  would  consume 
21  times  the  amount  of  carbon  dioxide  now  present  in  the  atmos- 
phere. He  also  computes  that  a  similar  shell  of  pure  carbon,  of 
density  1.25  and  0.7  meter  in  thickness,  would  require  for  its  com- 
bustion all  the  oxygen  of  the  air.  Such  estimates  may  have  slight 
numerical  value,  but  they  serve  to  show  how  vast  and  how  im- 
portant the  processes  under  consideration  really  are.  The  carbon 
of  the  coal  measures  and  of  the  sedimentary  rocks  has  all  been 
drawn,  directly  or  indirectly,  from  the  atmosphere.  Soluble  carbon- 
ates, produced  by  weathering,  are  washed  into  the  ocean,  and  are 
diere  transformed  into  sediments,  into  shells,  or  into  coral  reefs; 
but  the  atmosphere  wbh  the  source  from  which  all,  or  nearly  all,  of 
the  carbon  thus  stored  away  was  taken.  The  carbon  of  the  sedi- 
mentary rocks,  as  computed  with  the  aid  of  data  given  in  the  pre- 
ceding chapter,  is  about  30,000  times  as  much  as  is  now  contained 
in  the  atmosphere.  T.  C.  Chamberlin '  eetimat«8  that  the  amount 
of  carbon  dioxide  annually  withdrawn  from  tho  atmosphere  is 
1,620,000,000  tons,  but  the  method  by  which  this  figure  was  obtained 
is  not  clearly  stated.  In  calculations  of  this  sort  there  is  a  certain 
fascination,  but  their  chief  merit  seems  to  lie  in  their  su^eetiveness, 

TH£  RBI.A.TION8  OF  CAABON  DIOXIDE  TO  CIJMATB. 

From  a  geolc^cal  standpoint  the  carbon  dioxide  of  the  air  has  a 
twofold  significance — first,  as  a  weathering  agent,  and  second,  as  a 
regulator  of  climate.  The  subject  of  weathering  will  receive  due 
consideration  later;  hut  the  climatic  value  of  atmospheric  carbon 
may  properly  be  m^mtioned  now.  Both  carbon  dioxide  and  aqueous 
vapor  serve  as  selective  absorbents  for  the  solar  rays,  and,  by  blanket- 
ing the  earth,  they  help  to  avert  excessive  changes  of  temperature. 
On  tbe  physical  side,  and  as  regards  carbon  dioxide,  this  question 
has  been  discussed  by  S.  Arrhenius,'  who  argues  that  if  the  quantity 
of  the  gas  in  the  atmosphere  were  increased  about  thre^old,  ihe. 
meaa  temperature  of  the  Arctic  regions  would  rise  8°  or  9°.  A 
corresponding  loss  of  carbon  dioxide  would  lead  to  a  lowering  of 
temperature;  and  in  vuiations  of  this  kind  we  may  find  an  explana- 
tion of  the  alterations  of  climate  which  have  undoubtedly  occurred. 
The  glacial  period,  for  example,  may  have  been  due  to  a  loss  of  carbon 

I  Am.  Jour.  8d.,3d  Mr.,  vol.  IB,  1880,  p.  349. 

■  loor.  a«ali^,T0l.7,  UM,p.  083. 

*Hii]«a.lfs(.,Gtliacr.,ToL41,  ISSCp.SS;.    Amulaid.  Fbjsik.tUi  wr.,vol.4,l«U.p.«t,  ^ 
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dioxide  from  the  atmosphere.  To  account  for  such  gains  and  lossea, 
ArrhenJus  cites  with  great  fullness  the  work  of  A.  G.  HOgbom, 
who  regards  volcanoee  as  the  chi^  source  of  supply.  Just  as  indi- 
vidual volcanoes  vary  in  activity  from  quietude  to  violence,  so 
the  volcanic  activity  of  the  globe  has  varied  from  time  to  time. 
During  periods  of  great  enei^  the  carbon  dioxide  of  the  air  would 
be  abundant;  at  other  times  its  quantity  would  be  smaller.  H6gbom 
estimates  that  the  total  carbon  of  the  atmosphere  would  form  a 
layer  1  millimeter  thick,  enveloping  the  entire  globe.  The  quantity 
of  carbon  in  living  matter  he  regards  as  being  of  the  same  order, 
neidier  many  fold  greater  nor  many  fold  lees.  The  combustion  of 
coal  he  reckons  as  about  balancing  the  losses  of  the  atmosphere 
by  weathering;  and  in  this  way  he  reaches  his  condusion  tiiat  vol- 
canic action  is  the  important  factor  of  the  problem. 

lliis  theory  of  Arrhenius  has  been,  however,  a  subject  of  much 
controveisy.  It  was  strongly  endorsed  by  F.  Freeh,'  who  has 
attempted  by  means  of  it  to  account  for  glacial  periods.  E.  Kayser,' 
on  the  other  hand,  has  attempted  to  prove  that  the  views  of  Arrhenius 
are  untenable,  on  the  ground  of  K.  J.  An^trom's  ■  physical  reaeardies. 
Angstrdm  has  shown  tliat  carbon  dioxide  in  the  atmosphere  can 
not  possibly  absorb  more  than  16  per  cent  of  the  terrestrial  radiations, 
and  that  variations  in  its  amount  are  of  very  small  effect.  Further- 
more, C.  0.  Abbot  and  F.  £.  Fowle  *  have  shown  that  aqueous 
vapor  is  present  in  the  atmosphere  in  quantities  so  lai^e  as  to  make 
the  climatic  significance  of  carbon  dioxide  negligible.  The  principal 
absorbent  of  terrestrial  radiations  is  the  vapor  of  water.  Whether 
the  theory  of  Arrhenius  is  in  harmony  with  the  facts  of  historical 
geology — that  is,  wheUier  periods  of  volcanic  activity  have  coincided 
with  wumer  climates,  and  a  slackening  of  activity  with  lowering  of 
temperatiu'e — ^is  also  in  dispute.     The  controversy  is  not  yet  ended.* 

One  other  su^eeted  r^ulative  t^ency  remains  to  be  motioned. 
The  ocean  U  a  vast  reservoir  of  carbon  dioxide,  which  is  partly  in 
solution  and  partly  combined.  Between  the  surface  of  the  sea  and  - 
the  atmosphere  there  is  a  continual  iuterdiange,  each  one  sometimes 
losing  and  sometimes  guning  gas.  Upon  this  fact  a  theory  of 
climatic  variations  has  been  founded,  and  in  another  chapter,  upon 
the  ocean,  it  will  be  stated  and  discussed. 

1  Ztitacbi,  OncU.  Enlkonda,  Birlin,  toL  V,  IBm,  pp.  Bll,  ffll;  Mm,  IKM,  p.  SS3.  K«M*  Jtbtb.,  UOB, 
B1.2.P.71. 

CmtralbLlUii.,  0«d.  n.  PaL,  lM8,p.  US;19»,  p.  BSD.    R«loliid<r  br  A 
~  J  AirtmhU  and  Kbtsk-  or*  In  tha  an 
Fh^ratk,  4th  SH.,  vol.  3,  1900,  p.  710;  t 


LaterpaiKTsbf  AirtmhUUidKBTSB'arsln  thaainajouniallac  U13,  op.  Sg3,  m. 
>.  161.    AnciMm  li 
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F>.8I.^    AboE.  Eolm.NtuaJ^brb.,  TtstBud,  MOT.p.  GW,  udK.  PhUlppl.CnbilbL 
1,  ItDB,  p.  MO.    Tha  p^ian  ntend  to  ooDtaiD  maay  othir  refaaica  bi  Iltcntar*.   On 
~      "       1  Acad.  Bd.,  yoL  I,  p. 
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Among  all  the  constituents  of  the  atmosphere  aqueous  vapor  is  tihe 
most  variable  in  amount  and  the  most  important  geologically.  It  is 
not  merely  a  solvent  and  disintegrator  of  rocks,  but  it  is  also  a  carrier, 
distributing  other  substances  and  making  them  more  active.  To  the 
circulation  of  atmospheric  moisture  we  owe  our  rivers,  and  through 
ihem  erosion  is  effected.  The  process  of  erosion  is  partly  chemical 
and  partly  mechanical,  and  the  two  modes  of  action  reinforce  e&ch 
other.  By  flowing  streams  the  rocks  are  ground  to  sand,  and  so  new 
surfaces  are  exposed  to  chemical  attack.  On  the  other  hand,  chemical 
Bolution  weakens  the  rocks  and  renders  them  easier  to  remove  mechan- 
ically. As  water  evaporates  from  the  surface  of  the  sea,  it  lifts,  by 
inclusion  in  vapory  vesicles,  great  quantities  of  saline  matter,  which 
are  afterward  deposited  by  rainfall  upon  the  land.  It  is  through 
the  agency  of  run  or  snow  that  the  atmosphere  produces  its  greatest 
geological  effects;  but  the  chemical  side  of  its  activity  is  all  that  con- 
cems  us  now.  Aqueous  vapor  dissolves  and  concentrates  the  other 
ingredients  of  air  and  brings  them  to  the  ground  in  rain. 

In  one  sense  oxygen  is  the  most  active  of  the  atmospheric  gases,  but 
without  the  aid  of  moisture  its  effectiveness  is  small.  Perfectly  dry 
oxygen  is  comparatively  inert;  for  example,  phosphorus  bums  in  it 
alowly  and  without  flame,  but  the  merest  trace  of  water  gives  the  gas 
its  usual  activity.'  More  than  this  trace  is  always  present  in  the  air, 
and  when  it  condenses  to  rain  it  dissolves  oxygen,  nitr<^en,  carbon 
dioxide,  and  other  gases.  These  substances  differ  in  solubility,  and 
therefore  dissolved  air  contains  them  in  abnormal  proportions.  In 
air  extracted  from  rain  water,  Humboldt  and  Gay-Lussac  found  31 
per  cent  of  ox^en.  R.  W.  Bunseu,'  who  examined  air  from  rain 
water  at  different  temperatures,  gives  the  following  table  to  illustrate 
its  composition  by  volume ; 

Compotitum  of  ditmlvtd  air  at  difftrent  temperattira. 
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6- 
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%• 

N,                           

63.20 
33.88 
2.92 

03.35 
33.97 
2.68 

63.40 
34.05 
2.46 

03.62 
34.12 
2.20 

63.09 

0^      ;.. 

cc;      .    :  

2.14 

100.00 

100.00 

100.00 
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100.00 

In  air  from  sea  water  O.  Pettersson  and  K.  Soudan'  found  nearly 
34  per  cent  of  oxygen.  In  dissolved  air,  then,  and  especially  in  rain, 
co^gen  is  concentrated,  and  in  that  way  its  effectiveness  is  increased. 


I.SnHtNrt,UNi>««.nriM^p-V,  ten 


<  B«.  Dwtidi.  diam.  Oadl.,  red.  29.  int.  p.  14tB. 
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The  same  is  true  of  carbon  dioxide.    Rtun  brings  it  to  the  surface  of 
the  earth,  where  its  erodii^  power  comes  into  play. 

As  a  carrier  of  ammonia,  nitric  acid,  sulphuric  acid,  and  chlorine, 
nun  water  perfonns  a  function  of  the  highest  significance  to  agricul- 
ture, but  whose  geological  importance  has  not  beoi  generally  recog- 
nized. Rain  and  snow  collect  these  impurities  from  the  atmosphere, 
in  quantities  which  vary  with  local  conditions,  and  redistribute  them 
upon  the  soil.  Many  analyses  of  rain  water  have  therefore  been 
made,  not  only  at  agricultural  experiment  stations,  but  also  for  sani- 
tary purposes,  and  a  few  of  the  results  obtained  are  given  below." 
Figures  for  sulphuric  acid  have  already  been  cited.  The  values 
^ven  are  stated  in  pounds  per  acre  per  aimum  brought  to  the  surface 
of  the  earth  at  the  several  stations  named.  For  nitrogen  compounds 
the  data  are  as  follows: 

Niirogen  brtmght  to  At  ttxtfaet  of  the  earth  by  rain. 
IFoonda  per  M»  p<r  aimam.] 


Loc«ltt7. 

HHnsm. 

NIMd. 

Totol. 

Bothamated,  EDgland  " 

2.406 
2.71 

5  years'  average. 

1888-1901. 

11  yeara'  average. 

L13 

3.84 
8.93 

.616 

9.20 
3.452 
3  541 
3  69 
5.42 
3.636 
Z08 
1.065 

.600 

2i  years'  average. 
6  yoara'  average. 
20  yeara*  average. 
3  years'  average. 
3  years'  average. 
3  years'  average. 
41  yeara'  average. 

LOOT 
1.006 
Z63 
6.06 

2.443 
1.886 
1.06 

.356 

Kfw  7-^t<^"'1  I 

.802 
.311 

.263 

««e. 

age. 

id  rain.  London,  1873.    For  nitrovon  and  chloHdsH  In  nbl 

Wlssner.  Chem.  Hem,  vol.  lOO.lfll*.  p.  S9.  6«e  also  W.J. 
s.  vol.  Ill,  191S,  p.  ei.  F.  T.  Shntt  (Ttbiu.  Hot. 
fcr  nltroien  ta  rain  and  inov  during  ssvrn  yeus' 
wcpki  odIt.    The  umual  rqjmt.  of  ""  ^~" '-■■ 

, , , , u.  iOO 

J.  MiUer.  Jour.  Agi.  8ci    vol.  1,  190j,  p 


Boo.  {^nada,  3d  ser.,     ...  .  ^.  .  ,  „.     .     .  . 

obMTVRtlotu  at  OtUwo.    TQ8  obserrBtions  coTsr  M 
Station,  England,  lot  lUn.  contains  additional  data 

l>  R.  WarlnEbin.  Joiir.  Chem.  Soc.,  vcri.  61.  ISST,  p.  ouu. 

our.  AgT.  Sol.,  vol, !,  I90j,  p.Sai.    8*e  aljo  R.  Wariniston ,  Jour,  Cham.  Soc.,  toI.SS, 

,  p.  Ii37,  for  eeilkt  Qguies.    Ufllar  ^Ivs  a  table  for  35  localities,  and  also  an  gicellent  blbUograptir  oi 

the  entire  subject  of  nltrocen,  sulphuric  acid,  and  i:hlin1ne[n  laln. 

dAlbert  Levy,  Joui.  Chem.  8oc.,  TOl.  60, 1889,  p.  209.    (.\balract.)    10.01  kBosperlieotare. 

<  A.  MunU  and  V.  Uan;nno,  Compt.  Rend.,  vol.  IDS,  IfiBS,  p.  lOLZ. 

/A.  Fetsmannand  I.  Grattlsu,  Jour.  Cbem.  Boc.,  vol.  M,lg83,  abat.  II,  p.54S.    10.31  kOcs  per  hectare. 

( 1.  B.  HaiTlwn  and  J.  irilHanu.  Jour.  Am.  Chem.  Boc.,  vol.  IS.  IBS',  p.  1. 

»  J.  B.  Hartbon,  Rept.  Depl.  ScL  and  Agt.,  British  OulMia,  IH0-1O.    Tot  earlier  Qguns  see  precedlns 
Tefnence. 

ta.H.FaflnrandC.U.Breew.SecDnd  Ann.  Rppt.Eipa'.Sta,,I!:aiie«AEr.  Coll.,  1889. 

i  &.  W.  Enrln.  Foiirttl  Ann.  Kept.  Utah  An.  Coll.  Eiper.  Bta..  I8KI. 

t  HulchlnMn,  TenLh  Ann.  Kept.  Ulssba^pl  Agr.  and  Uech.  CoU.  Eiper.  Stft.,  1897.   See  also  Elihtb 
Ann.Bept.    -  ■        -  -  . 

1  Q.  Orer.  R*Pt-  Australasian  Assoc.  Adv.  ScL,  vol.  1, 1888,  p.  138.   The  figures  Include  loma  albumt- 
ooldnlCniann. 

•  N.H.]:UJIUr,I(it)C.Chenl.Boc,T«iLiaS,l,lB14,p.l».    Abstnet. 
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In  most  cases  ammonia  is  in  excess  over  nitric  acid;  but  in  the 
TVopics  the  reverse  seems  to  be  true.  The  substance  actually  brought 
to  earth,  then,  is  in  great  part  ammonium  nitrate,  but  the  conditions 
are  modified  when  hydrochloric  or  aulphuric  acid  happens  to  be 
present  in  the  air.  A  lai^e  part  of  ihe  combined  nitrogen  has  of 
course  been  added  to  the  abnosphere  by  oi^anic  decomposition  at  the 
surface  of  the  earth;  but  some  of  it  is  due,  as  we  have  already  seen, 
to  electrical  discharges  during  thunderstorms.  The  geolc^cal  sig- 
nificance of  free  acids  in  rain  is  obvious,  for  it  means  an  increase  in 
the  eroding  power  of  water. 

Furthermore,  in  this  circulation  of  nitrogen  between  the  ground 
and  the  air,  the  ground  gains  more  than  it  loses.  All  of  the  nitrogen 
thus  fixed  in  combination  is  not  released  again  to  the  atmosphere; 
only  a  part  so  returns.' 

The  figures  for  atmospheric  chlorine  are  even  more  surprising; 
but  they  represent  in  general  salt  raised  by  vapor  from  the  ocean. 
Where  chemical  industries  are  carried  on,  free  hydrochloric  acid  may 
enter  the  air,  and  some  hydrochloric  acid  is  also  evolved  from  volca- 
noes; but  these  are  minor  factors  of  little  more  than  local  sigmfi- 
cance.  Chlorine  is  abundant  in  the  air  only  near  the  sea,  and  its 
proportion  rapidly  diminishes  as  we  recede  from  the  coast.  This  is 
clearly  shown  by  the  "chlorine  map"  of  Massachusetts,*  and  by 
several  later  documents  of  the  same  kind,  in  which  the  "normal 
chlorine"  of  the  potable  waters  is  indicated  by  isochlors  titiat  follow 
the  contour  of  the  shore.  Near  the  ocean  the  waters  axe  rich  in 
chlorides,  which  diminish  rapidly  as  we  follow  the  streams  inland. 

The  amount  of  salt  precipitated  by  rain  upon  the  land  is  by  no 
means  inconsiderable.  For  quantitative  data  a  Yew  examples  must 
suffice,  stated  in  the  same  way  as  for  nitrogen. 

'T,  edlllH4hlg(fT™'J<h"U""'fc''i*i"<*i<«l»'->''"'t'«6rlmlii,  IBSlR,  r    M)iiiil.lni.ljiilhii.mg.jii.inTniin>. 

In  tbe  ■tmcwiAm  at  OM  mflUgram  per  oubli!  m«Mr.    TUa  amount!  to  1,000  gnmi  over  may  haotan  of 

On  nHnlM  In  tlu  atmaphara  bm  A.  Uunti  and  E.  Lalnt,  Compt.  Bend.,  toL  191,  ISll,  p.  187.  J. 
Hbadiwald  (Die  Fratung  d«  oatOriicbeii  BxutelM,  BtrllD,  igos,  p.  6)  glres  man;  data  lor  unmonla 
■lul  nftraM  In  ib^  air. 

■  Sm  T.  U.  SiDini,  In  Bqit.  UaiBachaaettt  State  Board  of  Health,  etc.,  vol  1,  December,  UW.  Un^ 
ElhoB.  BUkarda,  wbo  waa  aaaooiatad  vltli  Drown  Id  tills  iDTeatlgatloii,  has  since  pub1liliad,|olDtl;irtth 
A.T.H^tiD«,aftmllarm^>of  Jamaica  (Tech.  Quait,  to).  11, 1S88,  p.  117).  ForachkriluinvolLolls 
bland,  aae  O.  C.  WUpple  and  D.  D.  Jackson,  Tecli.  Quart.,  to],  13,  1800,  p.  lU.  One  ol  CDniucUmt 
'le  report  of  ttM  State  board  of  health  For  1S9S.  For  a  gsnsral  chlorine  map  of  Nev  Yoric  and 
~        -       l7  P^xt  V.  B.  OeoL  Bnrvey  No.  144,  WOB. 
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Chloridei  brought  to  the  mfaee  of  the  tariA  bff  rmn. 

(Poondg  p«r  ten  p«r  imnin.l 


LodUy. 

CblorhM. 

<MortA». 

Rmiuuti. 

36.10 
24.00 

26  yeani'  average. 

RothamHted,  England  S 

14.40 
14.87 

Perugia,  Italy-*  " 

37.95 

la  1887 

180.63 

32.87 
36.27 
17.00 

116. 9S 
129.24 
61.20 

6  yearn'  average. 
20  years'  average. 
4i  yean'  average. 

195.00 

•  E.  Efndi,  Imr.  Ch«m.  Sac.,  vol.  TT,  190a,  p.  IITI. 


n,  u.  <.  juuH,  juiu.  1KI.  cKi.,  vui.  1,  >iiuu,  fi.  an.    UHIfr  gtvn  Djturn  fts  mvenl  dU 
'O.  BallUccljJour.CbSm.  Boo.,  HbaUBct,  eol.  Se,  18Se,p.  XM.    41.531  kUoa  par  tuctan. 


(Citdd  b;  UIDtf,  loo.  clt. 

fl.  Flrovarotl,  ' ' 

»J.  B.Hurisoi. 
*I.  B.  HaiTlsoD, 


AniLgKil.  mln.  Riusle.vol,  B,  IBOB,  p.  374.  IBldlMpv 
I  and  I.  WlUiBins,  Jour.  Am.  <  turn.  &oc.,  vo).  IB,  1SB7,  p. 
I,  Btpt.  Dept.  ScL  uid  Agt.,  Brftbh  OuJuia,  ISW-IO.    ] 
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Furthermore,  we  have  the  older  researches  of  Pierre/  whose  anal- 
yses were  made  in  1851  at  Caen,  in  Normandy,  where  each  hectare  of 
soil  was  found  to  receive  annually,  in  rain,  the  following  impurities: 


MgCl, 

CaCl, 

These  citations  are  enoui 


CaSO, 6.2 


to  show  the  great  geological  impor- 
tance of  rainfall,  over  and  ahoTe  its  ordinary  mechanical  effects, 
and  ite  value  as  a  solvent  after  it  enters  the  ground. 

The  atmospheric  circulation  of  s^t  has  received  much  attention, 
and  F.  PoSepn^,'  as  long  ago  as  1877,  attempted  to  show  that  the 
sodium  chloride  of  inland  waters  was  derived  largely  from  this 
source.  Of  late  years  the  same  idea  has  been  strongly  urged  by 
W.  Ackroyd,*  who  has  gone  so  far  as  to  attribute  the  salinity  of  the 
Dead  Sea  to  chlorides  brought  by  winds  from  the  MediterranoMi. 
Furthermore,  A.  Miintz  *  has  pointed  out  that  without  this  circu- 

■  8«e  R.  Angos  Smith,  Air  and  nln,  1873,  pp.  20-332,  Piem  al»  cites  vsluabls  dstaobtalDtd  bf  Baml, 
Bbiaati,  Lteblg,  Bocsslogsiilt,  and  olhen.  See  niao  A.  Boblem,  CompL  Tlsnd.,  vol.  5S,  IS64,  p.  755,  lor 
the  composltlan  of  min  wster  collacted  at  DsQtce  In  1S63.  Tbe  avcrags  aodlum  cblorlde  anunuitcd  to  lUS 
grama  pec  cubic  meter. 

>  Sltenngsh.  K.  Atod.  Wira.  Wlen,  voL  TB,  Abth.  1,  IS77,  p.  179.  Sm  bI»  a  dUcussloo  of  Oija  numolr  by 
E.  TIetM,  Jahrb.  E.-Ic  geol.  Kelchaaiiitalt,  tdI.  77,  ISTT,  p.  341.  In  ft  recent  dbcanlan  ot  ttib  mbJect 
E.  Dabola  (Andu  Uus4e  Taylor,  2d  aer.,  vel.  10, 1907,  p.  441)  boa  estimated  tbe  an 
aalt  winnu'ly  t^eclpltated  In  rainfall  on  two  provtnon  of  Holland  aa  about  eflOOjXXi  Icflogmni. 

•  OtoL  Mag.,  4tti  aer.,  toI.  8,  UOO,  p.  44S.    Pno.  Tottahlra  0«c«.  and  Fi^rteA.  Sao.,  v«L  14, 
Chem.  Ifowi,  ISDUHT  8, 1004. 

•  Con^  Bend.,  voL  lU,  U«l,  p.  t4B. 
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lation  of  Belt,  and  its  replenishment  of  the  land,  the  latter  would  soon 
be  drained  of  ite  chlorides,  and  living  beings  would  suffer  from  the 
loss.  These  writers  probably  overemphafdze  the  importance  of 
"cyclic  salts,"  as  they  have  been  called,  but  their  arguments  are 
enough  to  show  that  the  phenomena  under  consideration  are  by  no 
meaas  insignificant.  V^d-bome  salt  plays  a  distinct  p&rt  in  the 
economy  of  patm*e;  but  its  influence  is  yet  to  be  studied  in  definite, 
quantitative  terms.  An  exception  to  this  statement  is  furnished  by 
tile  Sambhar  Salt  Lake  in  India,  which  will  be  considered  in  detail 
in  another  chapter. 

Apart  from  its  function  in  carrying  soluble  salts,  the  atmosphere 
performs  a  great  work  in  mechanically  tranaporting  other  solids.  Its 
effectiveness  as  a  curier  of  dust  is  well  understood;  dust  from  the 
explosion  of  Krakatoa  was  home  twice  around  the  globe,  but  such 
processes  bear  indirectly  upon  chemistry.  In  desert  regions  the  sand- 
storms help  to  disintegrate  the  rocks,  and  so  to  render  them  more 
susceptible  to  chemical  change.  Dust,  also,  whether  cosmic  or  ter- 
restrial, furnishes  the  nuclei  around  which  drops  of  rain  are  formed, 
and  so  reinforces  the  activity  of  atmospheric  moisture.* 

THB  PRIMITIVE  ATMOSPHERE. 

Althou^  the  main  purpose  of  this  treatise  is  to  assemble  and 
classify  data,  rather  than  to  discuss  speculations,  a  few  words  as  to 
the  origin  of  our  atmosph^e  may  not  be  out  of  place.  Upon  this 
subject  much  has  been  written,  especially  in  recent  years;  but  none 
of  the  widely  variant  theories  so  far  advanced  can  be  regarded  as 
conclusive.  The  problem,  indeed,  is  one  of  cosmology,  and  chemical 
data  supply  only  a  single  line  of  attack.  Physical,  astronomical, 
mathematical,  and  geological  evidence  must  be  brought  to  bear  upon 
the  question  before  anything  like  an  intelligent  conclusion  can  be 
reached.  Even  then,  with  every  precaution  taken,  we  can  hardly  be 
sure  that  our  fundamental  premises  are  sound. 

One  phase  of  the  discussion,  to  which  I  have  already  referred, 
relates  to  the  constancy  or  variabiUty  of  the  atmosphere.  The  accu- 
mulations of  carbon  in  the  lithosphere,  such  as  the  coal  measures, 
the  limestones,  and  the  like,  have  led  some  geologists  to  assiune  that 
the  atmosphere  at  some  former  time  was  vastly  richer  in  carbonic 
acid  thui  it  is  now;  but  the  fossil  records  of  life  suggest  that  the 
differences  could  not  have  been  extreme.  With  a  large  excess  of  car- 
bon dioxide  the  existence  of  air-breathing  animab  would  be  impos- 
sible. .  Only  anaerobic  oiganisms  could  live.  It  is  clear  that  the 
stored  carbon  of  the  sedimentary  rocks  was  once  largely  in  the  atmos- 
phere, but  was  it  ever  all  present  there  at  any  one  time  ? 

■  Bm  I.  AllksD,  Proo.  nor.  Soa.  Edlnbur^,  toI.  17, 1990,  p.  US.  An  InterMtlai  IsatoiB  b;  A.  PltM 
(Saras  tetKtt.,  Ith  *«„  voL  9, 19M,  p.  W).  on  metab  In  the  aUnosidun,  l>  vsll  worth;  or  naUM.  R 
dMb  wUli  dnit,  nMtauk  matUr,  BfoUD . 
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Such  a  supposition  is  improbable.  The  known  carbon  of  the 
lithosphere,  if  converted  into  carbon  dioxide,  would  yield  nearly  25 
times  the  present  mass  of  the  entire  atmosphere,  and  the  atmospheric 
pressure  at  the  surface  of  the  earth  would  be  enormously  increased.' 
It  is  more  likely  that  carbon  dioxide  has  been  added  to  the  atmosphere 
by  volcanic  agency,  in  some  such  manner  as  this:  Primitive  carbon, 
like  the  graphite  found  in  meteorites,  at  temperatures  no  greater 
than  that  of  molten  lava,  reduced  the  magnetite  of  igneous  rocks  to 
metallic  iron,  such  as  is  found  in  many  basalts,  and  was  itself  thereby 
oxidized.  Then,  dischai^ed  into  the  atmosphere  as  dioxide,  it  became 
subject  to  the  familiar  reactions  whidi  restored  it  to  the  lithosphere 
as  coal  or  limestone. 

In  order  to  account  for  the  observed  phenomena,  several  essentially 
distinct  hypotheses  have  been  proposed.  T.  Sterry  Hunt,'  for 
example,  ai^ed  in  favor  of  a  cosmical  atmosphere,  pervading  all 
space,  from  which  a  steady  supply  of  carbon  dioxide  has  been  drawn. 
This  theory,  which  was  also  favored  by  Alexander  Winchell,*  postu- 
lates a  universal,  exhaustloss  reservoir  of  carbon,  which  should  be 
able  to  satisfy  all  demands.  But  what  evidence  have  we  that  sudi 
an  atmosphere  exists  1 

S.  Meunier,*  criticizing  Hunt,  points  out  that  some  planets  have 
excessive  and  others  deficient  atmospheres,  and  that  a  cosmic  uni- 
formity is  therefore  improbable.  Meunier  prefers  the  volcanic  theory, 
for  which  we  have  at  least  some  basis  of  fact.  We  know  that  gases 
are  emitted  from  volcanoes,  even  though  there  is  no  certain  measure 
of  their  quantity,  and  the  question  to  be  determined  relates  to  the 
adequacy  and  the  source  of  the  supply.  That  question  I  shall  not 
now  attempt  to  answer;  but,  obviously,  if  the  volcanic  hypothesis 
be  true,  the  cessation  of  volcanism  would  signify  the  end  of  life  on 
the  globe.  It  would  bo  followed  by  the  consumption  of  all  available 
carbon  dioxide,  so  that  plant  life,  and  consequently  animal  life, 
could  no  longer  be  supported.  A  cosmical  atmosphere  has  no 
assignable  limit ;  an  atmosphere  of  volcanic  origia  must  sooner  or  later 
be  exhausted.  May  not  the  moon  be  an  example  of  such  an  atmos- 
pheric death?' 

Another  theory  relative  to  the  atmosphere  is  based  upon  the  belief 
that  the  unoxidized,  but  oxidizablc,  substances  in  the  primitive  rocks 
are  sufficient  in  quantity  to  absorb  all  the  oxygen  of  the  air.  If  our 
globe  solidified  from  a  molten  condition,  and  if,  as  conmionly  sup- 

■  Poiaouiioa9  9pecu1iitlonontheiiia9BDftb«atniDsphei«,seeIt.  3.  McKee,Sdanoe,vol.3a,  leoo.p.sn. 
Heargues  that  the  present  atmcaphere  Is  aa  great  as  the  earth  Ii  oapable  ol  raUinlnc. 

■  An.  Jour.  BoL,  3d  aer.,  vol.  19,  l8S0,p.  319. 

•  Sdence,  vaL  1, 1BS3,  p.  820. 

•  Compt.  RcDd.,  vol.  E7, 1B78,  p.  HI. 

•It  ia  probabte  ttiat  tha  oombiutioDof  carbonaeeaDi  metiMvltes  in  tbe  atmospbace  mar  add ntboo 
dloxldr  tolt.  bntthtquantltraonQplladouihardljIwaxtlinated.   It  lipoaslblr  laii*. 
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posed,  oxidized  compouudB  were  the  first  to  fonn,  the  observed  con- 
ditions are  not  easy  to  explain.  C.  J.  Koene,  indeed,  assumed  that 
the  primitive  atmosphere  contained  no  free  oxygen,  and  he  has  been 
followed  of  late  years  by  T.  L.  Phipson,'  J.  Lembei^,*  John  Steven- 
son,' and  Lord  Kelvin.*  Lemherg  and  Kelvin,  however,  do  not  go 
to  extremes,  but  admit  that  possibly  some  free  oxygen  was  present 
even  in  the  earUeet  times.  Lembeig  atgued  that  the  primeval  atmos- 
phere contained  chiefly  hydrogen,  nitrogen,  volatile  chlorides,  and 
cu'hon  compounds,  the  oxygen  which  is  now  free  being  then  imited 
with  carbon  and  iron.  The  liberation  of  oxygen  began  with  the 
appearance  of  low  forms  of  plant  life,  possibly  readied  a  maximum 
in  Carboniferous  time,  and  has  since  diminished.  Stevenson's  aigu- 
ment  is  much  more  daborate,  and  starts  with  an  estimate  of  the 
uncombined  carbon  now  existent  in  the  sedimentary  formations. 
In  the  depceition  of  that  carbon,  oxygen  was  hberated,  and  from  data 
of  this  kind  it  is  ai^ed  that  the  atm(»pheric  supply  of  oxygen  is 
steadily  increasing,  while  that  of  carbon  dioxide  diminishes.  The 
statement  that  no  oxygen  has  been  found  in  the  gases  extracted  from 
rocks  is  also  adduced  in  favor  of  the  theory.  First,  an  oxidized  crust 
and  no  free  oxygen  in  the  air;  then  proc^ses  of  reduction  coming  into 
play;  and  at  last  the  appearance  of  lower  forms  of  plants,  which  pre- 
pared the  atmosphere  to  sustain  animal  life.  The  arguments  are  inge- 
nious, but  to  my  mind  they  exemplify  the  result  of  attaching  excessive 
importance  to  one  set  of  phenomena  alone.  It  is  not  clear  that  due 
account  has  been  taken  of  the  checks  and  balances  which  are  actually 
observed.  At  present  the  known  losses  of  oxygen  seem  to  exceed  the 
gains.  For  example,  C.  H.  Smyth'  has  estimated  that  the  oxygen 
withdrawn  from  the  air  by  the  change  of  ferrous  to  ferric  compounds, 
and  so  locked  up  in  the  sedimentary  rocks,  is  equal  to  68.8  per  cent 
of  the  quantity  now  present  in  the  atmosphere. 

But  were  oxidized  compounds  the  first  compounds  to  form !  If 
they  were,  then  the  arguments  just  cited  are  valid,  but  the  premises 
are  doubtful.  If  the  molten  globe  was  as  hot  as  has  been  supposed, 
it  is  likely  that  carbides,  silicides,  nitrides,  etc.,  would  he  generated 
first,  and  in  that  case  all  the  oxygen  of  the  lithosphere  would  be 
atmospheric.  This  supposition  is  based  upon  the  results  obtained 
with  the  aid  of  the  electric  furnace  at  temperatures  which  decompose 
oxygen  compounds  in  the  presence  of  carbon,  silicon,  or  nitrogen, 
substances  of  the  class  just  named  being  then  produced.     Considera- 
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tions  of  tlu3  kind  have  been  elaborstely  developed  by  H.  Lenicque,* 
who,  however,  pmhes  them  to  extremes.  He  even  goes  so  far  as  to 
ascribe  great  masses  of  limestone  to  the  atmospheric  oxidation  of 
primitive  carbides.  It  will  be  observed  at  once  that  theories  of  this 
order  are  directly  related  to  the  hypotheses  which  postulate  an  inor-: 
gauic  origin  for  petroleum — a  subject  which  will  be  more  fully  dis- 
cussed in  the  proper  chapter.  For  the  present  it  is  enough  to  see 
that  cogent  arguments  may  lead  us  to  either  of  two  opposite  beliefs — 
that  the  primitive  atmosphere  was  rich  in  oxygen,  or  that  it  was 
oxygen  free. 

The  balance  or  lack  of  balance  between  carbon  and  oxygen  is,  after 
all,  only  one  factor  in  the  problem.  The  origin  of  the  atmosphere 
as  a  whole  is  a  much  lai^r  question,  and  our  answers  to  it  must 
depend  upon  our  views  as  to  the  genesis  of  the  solar  system.  If  we 
accept  the  nebular  hypothesis,  we  are  likely  to  conclude  that  the 
atmosphere  is  merely  a  residuum  of  uncombined  gases  which  were 
left  behind  when  the  globe  assumed  its  solid  form.  That  seems  to  be 
the  prevalent  opinion,  although  it  must  be  modified  by  the  observed 
facte  of  volcanism.  The  outer  envelope  of  the  earth  receives  rein- 
forcements from  within,  whose  sources  wiQ  be  considered  at  length 
in  another  chapter. 

Quite  a  different  theory  of  the  earth's  origin  has  lately  been  de- 
veloped by  T,  C.  Chamberlin,*  who  imagines  a  planet  built  up  by 
dow  aggregations  of  small,  solid  bodies.  Each  of  these  particles, 
or  meteorites,  carried  with  it  entangled  or  occluded  atmospheric  mate- 
rial. In  time  the  accumulation  of  originally  cold  matter  developed 
pressure  enough  to  raise  the  central  portions  of  the  mass  to  a  high 
temperature,  and  gases  were  then  expelled.  Thus  the  atmosphere 
was  generated  from  within  the  globe  instead  of  remaining  as  a 
residuum  around  it.  We  know  that  meteorites  contain  occluded 
gases,  and  that  gases  are  also  extractable  from  igneous  rocks,  and 
these  facts  lend  to  the  hypothesis  a  certain  plausibihty.  The  gases 
thus  obtainable  from  the  lithosphere  are  equivalent  to  many  potential 
atmospheres,  although,  as  we  have  already  seen,  oxygen  is  not  among 
them.  On  Chamberlin's  hypothesis  the  atmosphere  has  grown  from 
small  b^innings;  the  nebular  conception  assumes  that  it  was  laigest 
at  first.  E.  H.  L.  Schwarz,'  who  accepts  Chamberlin's  views,  con- 
cludes that  the  primitive  atmosphere  is  actually  represented  to-day 
by  the  gases  extractable  from  meteorites.  Hydrogen,  nitrogen,  me- 
thane, and  both  oxides  of  carbon  are  the  gases  in  question,  but  there 
is  no  free  oxygen. 

1  y^m.  Boc.  ing^ii.  civib  Franra,  October,  13C3,  p.  310. 

1  Jour.  Geology,  vol.  5,  ISB7,  p.  663;  voL  8, 1898, pp.  <S9, 8W;  v<iLT,Uat,pp.6U,WT,7a.     SesalmE.L. 
Fairatilld,  Am.  Gooloslst,  voL  33,  IHM,  p.  M. 
•CausaliaoloKy,  London,  lUQ,  p.a3. 
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One  curious  speculation,  which  may  be  connected  with  the  theory 
just  described,  relates  to  the  nature  of  the  earth's  interior.  From 
the  known  fact  that  the  temperature  rises  as  we  descend  into  the 
crust  of  the  earth,  calculations  have  been  made  to  show  that  the  tem- 
perature of  the  centrospbere  must  be  enormously  high.  In  fact, 
if  the  rate  of  increase  is  constant,  the  temperature  must  reach  a 
d^ree  far  above  the  critical  point  of  any  known  element.  Matter 
in  tlie  interior  of  the  earth,  then,  should  be  gaseous  or  quasi-gaseous. 
This  suggestion  was  first  offered  by  Herbert  Spencer,'  later  by  A. 
Ritter,*  and  has  been  more  recently  developed  by  S.  Arrhenius."  It 
has,  however,  only  speculative  value,  for  it  rests  upon  assumptions 
which  can  not  be  tested  experimentally,  and  which  may  never  be 
verified.  A  discussion  of  the  subject  falls  without  the  scope  of  this 
memoir,  and  only  these  brief  references  to  it  are  admissible  here.* 

iSMlilie»a;i<otbeiigbalarh7pDtiH>la(18S8)uidtbeaciiistltatlaioI  tbanmCUM).   CUad from N«w 
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•  WM.  Aimalmi,  voL  6, 1S7S,  p.  MS. 
■  OeoL  FOnD.  rCtbiuuIL,  voL  22, 1900,  p.  NS. 
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CHAPTER  III. 
LAKES  AND  RIVERS.' 


When  rain  falls  upon  the  surface  of  the  earth,  bringing  witih  it  the 
impurities  noted  in  the  preceding  chapter,  part  of  it  sinks  deeply 
underground  to  reappear  in  springs.  Another  part  runs  off  directly 
into  streams,  a  part  is  retained  as  the  ground  water  of  soils  and  the 
hydration  water  of  clays,  and  a  portion  returns  by  evaporation  to  the 
atmosphere.  According  to  an  estimate  by  Sir  John  Murray,*  the  total 
annual  rainfall  upon  all  the  land  of  the  globe  amounts  to  29,347.4 
cubic  miles,  and  of  this  quantity  6,524  cubic  miles  drain  off  throng 
rivers  to  the  sea,  A  cubic  mile  of  river  water  weighs  4,205,650,000 
tons,  approximately,  and  carries  in  solution,  on  the  average,  about 
420,000  tons  of  foreign  matter.  In  all,  about  2,736,000,000  tons  of 
solid  substances  are  thus  carried  annually  to  the  ocean,*  Suspended 
sediments,  the  mechanical  load  of  streams,  are  not  included  in  this 
estimate;  only  the  dissolved  matter  is  considered,  and  that  repre- 
sents the  chemical  work  which  the  percolating  waters  have  done. 

Although  the  minerals  which  form  the  rocl^  crust  of  the  earth  are 
relatively  insoluble,  they  are  not  absolutely  so.  The  fddspars  are 
especially  susceptible  to  change  through  aqueous  agencies,  yielding 
up  their  lime  or  alkahes  to  percolating  water  and  forming  a  residue 
of  clay.  Rain  water,  as  we  have  already  seen,  contains  carbonic  acid 
in  solution,  and  that  impurity  increases  its  solvent  power,  particularly 
with  regard  to  limestones.  The  moment  that  water  leaves  the 
atmosphere  and  enters  the  porous  earth  its  chemical  and  solvent 
activities  begin,  and  continue,  probably  without  interruption,  until 
it  reaches  the  sea.  The  character  and  extent  of  the  work  thus  done 
varies  with  local  conditions,  such  as  temperature,  the  nature  of  the 
minerals  encountered,  and  so  on;  but  it  is  never  zero.  Sometimes 
larger  and  sometimes  smaller,  it  varies  from  time  to  time  and  place 
to  place.  The  entire  process  of  weathering  will  be  considered  more 
fully  later;  we  have  now  to  study  the  nature  of  the  dissolved  matter 
alone,  or,  in  otlier  words,  the  composition  of  rivers  and  lakes.    Ihe 

■  EicludiDE  thosa  twloaslog  to  olosnd  basins. 

>  SooCtlih  0«^.  Mbb.,  vol.  3,  p.  65, 1887. 

■EstlmatM  by  F.  W.  Claike  (A  praltmliui?  itndr  of  obunJciI  drnDdatloii:  SmlUumlui  IOmlOoU., 
voL  se,  No.S,1910).  llum;'>fl;urM  in  702,^  looiparciublcliiUe.Uid  Mulr  I>,0aO,0aa,aaa too* In tlM 
loUl  run-off.    His  amlTtlcal  data  mn  too  lew  and  too  limited  tn  aagt  km  >  olou  oompntalloii. 
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data  are  abundant,  but  unfortunately  complicated  by  a  lack  of  uni- 
formity in  the  metliods  of  statement,  which  latter  are  often  unsatis- 
factory and  eyra  misleading.  The  analysis  of  a  water  can  be  reported 
in  eeveral  different  ways,  as  in  gruns  p^  gallon  or  parts  per  million; 
in  oxides,  in  supposititious  salts,  or  in  radidee;  so  that  two  analyses 
of  the  same  material  may  seem  to  be  totally  dissimilar,  although  in 
reality  they  agree.  Before  we  can  compare  analyses  one  with 
another  we  must  reduce  them  to  a  common  standard,  for  then  only 
do  thedr  true  differences  appear.  The  task  of  reduction  may  be 
tedious,  but  it  is  profitable  in  the  end. 

STATEMENT   OF  ANALYSES. 

lu  the  usual  statement  of  water  analyses  an  essentially  vicious 
mode  of  procedure  has  become  so  firmly  established  that  it  is  difGlcult 
to  set  aside.  For  example,  a  water  is  found  to  contain  sodium, 
potassium,  calcium,  magnesium,  chlorine,  and  the  radicles  of  sul- 
phuric and  carbonic  acids;  or,  in  ordinary  parlance,  three  acids  and 
four  bases.  If  these  are  combined  into  salts  at  least  12  such 
compounds  must  be  assumed,  and  there  is  no  definite  law  by  which 
their  relative  proportions  can  be  calculated.  A  combination,  how- 
ever, is  commonly  taken  for  gruited,  and  each  chemist  allots  the 
sevK«l  acids  to  the  several  bases  according  to  his  individual  judg- 
ment. The  12  possible  salts  rarely  appear  in  the  final  statement; 
all  the  chlorine  may  be  assigned  to  the  sodium  and  all  the  sulphuric 
acid  to  the  lime,  and  the  result  is  a  meaningless  chaos  of  assumptions 
and  uncertainties.  We  can  not  be  sure  that  the  chosen  combinations 
are  correct,  and  we  know  that  in  most  analyses  they  are  too  few. 

But  are  the  radicles  combined  ?  This  is  a  point  at  issue.  Although 
no  complete  theory,  covering  all  the  phonemena  of  solution,  has  yet 
been  developed,  it  is  the  prevalent  opinion,  at  least  among  physical 
chemists,  that  in  dilute  solutions  the  salts  are  dissociated  into  their 
ions,  and  that  with  the  latter  only  can  we  l^itimately  deal. 
Whetiier  this  theory  of  dissociation  shall  ultimately  stand  or  fall  is 
a  question  which  need  not  concern  us  now;  we  can  use  it  without 
danger  of  error  as  a  basis  for  the  statement  of  analyses,  putting  our 
results  in  terms  of  ions  which  may  or  may  not  be  actually  combined.' 
Upon  this  foundation  all  water  analyses  can  be  rationally  compared, 
with  no  unjustifiable  assumptions  and  with  all  the  real  data  reduced 
to  the  simplest  uniform  terms.  We  do  not,  however,  get  rid  of  all 
difficulties,  and  some  of  these  must  be  met  by  piure  conventions.  For 
example,  Is  siUca  present  in  colloidal  form,  or  as  the  silicic  ion  SiO,  t 

■  The  loolo  bim  of  itatsmuit  baa  basD  medlntbe  Survc;  labomb»T  sine*  1883.  In  Europ«ll  baslisd 
Mimig>dv«cKif  frnnPi^.C.TiniTliwi,  Uln.pet.  lUCtnTol.  11,  lS90,p.4ST.  nianair rapidly supplant- 
InCtlMcridMlTVHm.  7Drui«ioallaatdi9caadaDoftlMMaununta(nterBtial7Ks,sMR.B.  Dole,  Jour, 
bd.  Bni.  CtMm.,  vol.  S,  IVH,  p.  770. 
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Are  ferric  oxide  and  alumina  present  as  such,  or  in  the  iona  of  their 
salts  f  The  iron  may  represent  ferrous  carbonate,  the  alumina  may 
be  equivaleoit  to  alum;  but  as  a  rule  ihe  quantities  found  are  so 
trivi^  that  the  true  conditions  can  not  be  determined  from  the 
ratios  between  acidic  and  basic  radicles.  The  unavoidable  errors  of 
analysis  are  commonly  too  lai^e  to  permit  a  final  settlement  of  tiiese 
questions;  and  only  in  exceptional  cases  can  definite  conclusions  be 
drawn. 

For  convenience,  then,  we  may  regard  these  substances  as  col- 
loidal oxides  and  tabulate  them  in  that  form.*  The  procedure 
may  not  be  rigorously  exact,  but  the  error  in  it  is  usually  very 
small.  If  we  consider  an  analysis  as  representing  the  composition 
of  the  anhydrous  inorganic  matter  which  ia  left  when  a  water  has 
been  evaporated  to  dryness,  the  difficulty  as  regards  iron  disappears, 
for  ferrous  carbonate  is  then  decomposed  and  ferric  oxide  remains. 
A  similar  difficulty  in  respect  to  the  presence  of  bicarbonates  also 
vanishes  at  the  same  time,  for  the  bicarbonates  of  calcium  and  mag- 
nesium can  only  exist  in  solution  and  not  in  the  anhydrous  residues. 
If  in  a  given  water  notable  quantities  of  lime,  magnesia,  and  car- 
bonic acid  are  found,  bicarhonic  ions  muat  be  present,  for  without 
them  the  bases  could  not  continue  dissolved;  but  after  evapora- 
tion only  the  normal  salts  remain.  Sodium  and  potassium  bicar- 
bonates are  not  so  readily  broken  down;  but  even  with  them  it  is 
better  to  compare  the  monocarbonates,  so  as  to  secure  a  uniformity 
of  statement.  In  fact,  some  analysts  report  only  normal  salts,  and 
others  bicarbonates ;  so  that  for  the  comparison  of  different  analyses 
we  are  compelled  to  adopt  an  adjustment  such  as  that  which  is  here 
proposed.  In  other  words,  we  eliminate  the  variable  factors  and 
study  the  constants  alone. 

One  other  large  variable  remains  to  be  considered — tho  variation 
due  to  dilution.  A  given  solution  may  be  very  dilute  at  one  time  and 
much  more  concentrated  at  another,  and  yet  the  mineral  content  of 
the  water  is  possibly  the  same  in  both  cases.  For  example,  average 
ocean  water  contains  3.5  per  cent  of  saline  matter,  while  that  of  the 
Black  Sea  carries  little  more  than  half  as  much;  and  yet  the  salts 
which  the  two  waters  yield  upon  evaporation  are  nearly,  if  not  quite, 
identical.  In  some  cases,  as  we  shall  presently  see,  it  is  desirable  to 
compare  waters  directly;  but  in  most  instances  it  is  also  convenient 
to  study  the  composition  of  the  sohd  residues  in  percentage  terms. 
In  that  way  essential  similarities  are  brought  to  light  and  the  data 
become  intelligible. 

Before  proceeding  farther,  it  may  be  well  to  consider  a  single 
water  analysis,  in  order  to  illustrate  the  various  methods  of  state- 
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mmt.  For  this  purpose  I  will  take  W.  P.  Headden's  analysis  of 
water  from  Platte  River  near  Greeley,  Colo./  which  he  himself 
states  in  several  forma.  In  the  first  column  of  the  suhjoined  table 
the  results  are  given  in  oxides,  etc.,  as  in  a  mineral  analysis,  and  in 
grains  to  the  imperial  gallon.  In  the  second  column  they  are  stated 
in  terms  of  salte,  and  I  have  here  recalculated  Headden's  figures  into 
parte  per  million  of  the  water  taken.  Finally,  in  a  third  column  I 
give,  as  proposed  in  the  foregoii^  pages,  the  composition  of  the 
reeidue  in  radicles  or  ions  and  in  percentages  of  total  anhydrous 
inoi^;aiuc  solids. 

Analytu  0/ water  sttded  in  Mffaentformi. 


bnparM 

Kdlon. 

KO, 0.891 

SO, 32.601 

00, 4.564 

CI 2.681 

Na,0 1L463 

K,0 356 

Cri) 13.117 

J^ 5.530 

(FeAl),0, 189 

Mii,0, 189 

Ignition 2.397 

73.987 


CaSO,... 


KjSO, 

Na,SO, 

NaCl 

Na,CO. 

Na,8iO,.... 
(FeAl),0,- 

MiijO, 

Ignition 


62.5 
63.2 
166.9 
SL9 


Ca 13.24 


E,0,.. 


100.00 
"Ignition"  omitted. 
Salinity,   1,014  parte  per 
million. 


So  far  as  appearance  goes,  these  statements  might  represent  three 
different  waters;  and  yet  the  analytical  data  are  the  same.  A  change 
in  the  last  column  of  SiO,  into  the  radicle  SiO,  would  affect  the  other 
figures  but  slightly.  The  compactness  and  simpUcity  of  the  ionic 
form  of  statement  are  evident  at  a  glance.  Under  it,  as  "salinity," 
I  have  ^ven  the  concenti'ation  of  the  water  in  terms  of  parts  per 
million.  One  miUion  parts  of  this  water  contain  in  solution  1,014 
parts  of  anhydrous,  inoiganic,  sohd  matter. 

THE  INTBBPBETATION   OF  ANALTSBS. 

In  the  interpretation  of  any  water  analysis  the  first  question  to  ask 
is  as  to  its  accuracy.  Every  analysis  is  subject  to  errors,  great  or 
small,  and  in  each  individual  instance  it  is  important  to  decide 
whether  ite  error  is  serious  or  negligible.  When  an  analysis  is 
stated  in  terms  of  salte,  the  errors  are  obscured,  as  in  the  smoothing 
of  a  carve,  and  an  accurate  estimate  of  its  value  is  not  pos^ble.    In 
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Buch  a  case  the  reputation  of  the  analyst  is  the  safest  criterion  upon 
which  to  base  a  judgment. 

When,  however,  an  analysis  is  stated  in  terms  of  tihe  radicles 
actually  detennined,  a  decision  as  to  its  value  is  much  simpler. 
The  negative  or  acid  radicles  and  the  positive  or  basic  radicles  must 
be  chemically  equivalent,  at  least  within  the  limits  of  permissible 
experimental  errors.  To  this  rule,  which  applies  to  nearly  all  waters, 
there  are  some  apparent  but  not  real  exceptions.  If  the  basic 
radicles  are  much  in  excess  of  the  acid,  it  is  possible  that  a  part  of  the 
alkaline  ions  may  be  balanced  or  held  in  equihbrium  by  sihca;  that 
is,  the  usually  colloidal  silica  may  represent  an  aUialine  silicate; 
which,  however,  is  hydrolyzed  in  solution.  Some  geyser  waters  of 
the  Yellowstone  National  Park  have  this  peculiarity.  On  the  other 
hand,  certain  volcanic  waters  are  strongly  acid;  and  then  it  is  nec- 
essary to  assume  the  presence  of  hydrogen  iona  in  order  to  completely 
balance  the  negative  radicles.  Another  source  of  acidity  is  found 
in  some  mineral  springs,  in  which  the  iron  and  aluminum  are  pre- 
sumably in  equilibrium  as  sulphates.  The  iron  and  alumimmi 
must  then  be  counted,  not  as  colloids,  but  as  among  the  basic  radi- 
clea.  Examples  of  these  exceptional  waters  are  cited  in  chapter  6 
of  this  treatise,  and  demand  no  further  attention  here. 

The  calculations  imphed  in  the  preceding  paragraph  are  very 
simple,  and  may  bo  based  either  upon  the  analysis  as  stated  in  parts 
per  million  or  upon  its  percentages.  The  quantity  found  for  eadi 
radicle  is  divided  by  its  chemical  equivalent,  and  the  quotiente  for 
each  group,  acid  or  basic,  are  separately  added  together.  The  two 
sums  should  then  be  equal,  or  so  nearly  equal  that  the  difference  can 
be  ascribed  to  the  small,  inevitable  errois  of  analysis.  For  the 
imiralent  radicles  Na,  K,  CI,  NO^,  and  HCO,  the  chemical  equiva- 
lent and  the  atomic  weight  are  the  same;  for  the  bivalent  radicles 
Ca,  Mg,  SOj,  and  CO,  the  atomic  weights  should  be  halved.  This 
is  the  usual  procedure.  H.  Stabler,'  however,  has  proposed  a  modi- 
fication of  the  method,  in  which  the  quantities  determined  are 
multipUed  by  the  reciprocals  of  the  equivalents,  which  he  calls  the 
"reaction  coefficients"  of  the  radicles.  The  products  so  obtained, 
the  "reacting  values"  of  the  radicles,  are  identical  witii  the  quotients 
of  the  ordinary  process  and  must  balance  in  the  same  way.  A  table 
of  Stabler's  coefficients  may  save  some  labor  when  large  numbers  of 
analyses  are  to  be  discussed,  but  the  economy  is  probably  small. 

The  interpretation  of  a  water  analysis,  then,  is  founded  upon  a 
study  of  equihbria.  Even  the  hypothetical  combination  of  the 
radicles  is  a  crude  attempt  at  such  a  study — an  attempt,  however, 
which,  as  we  have  already  seen,  is  based  ordinarily  upon  imverifiable 
assumptions.  I  speak  now,  of  course,  of  such  waters  es  commonly 
occur  in  nature.    A  solution  of  a  single'  salt,  or  one  in  which,  as  in 

1  WaUr^Sujiplj  Paptr  U .  B.  Osol.  Bamy  No.  !T4,  IBIi,  pp.  lSS-18t. 
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certain  brines,  one  s&lt  overwhelniingly  predominates,  is  obviously 
easy  to  deal  with.  A  more  refined  attack  upon  the  problem  of  inter- 
pretation has  been  made  by  Chase  Palmer,*  who  has  examined  in 
detail  the  relations  between  the  equivalent  ratios  or  reacting  values 
deeciibed  above,  and  so  correlated  the  analyses  with  the  properties 
of  the  waters  analyzed.  His  procedure,  briefly,  is  as  foUows:  Two 
fundamental  properties  are  recognized — D&mely,  (dkalinity  and 
aalinUy,  which  are  subdivided  into  groups.  Salinity  is  measured  by 
the  sum  of  the  strong-acid  radicles,  SO,,  CI,  and  NO,,  which  balance 
an  equivalent  number  of  basic  radicles.  If  the  basic  radicles  are 
partly  or  wholly  alkaline,  that  is,  Na  or  K,  their  proportion  of  the 
salinity  is  said  to  be  primary.  The  remaining  salinity,  due  to  the 
radicles  Ca,  Mg,  and  Fe"  is  called  secondary.  If,  however,  the  acid 
radicles  are  in  excess  of  the  basic,  tertiary  salinity  or  acidity  appears, 
and  hydrogen  ions  must  be  taken  into  account.  When  the  alkaline 
radicles  exceed  those  of  the  strong  acids,  their  excess  is  the  measure 
of  primary  alkalinity,  which  represents  hydrolyzed  carbonates  or 
bicarbonatea.  The  weak-acid  radicles  CO,  and  HCO„  which  balance 
any  excess  of  the  alkaline  earths  over  the  stronger  acids,  produce 
aeamdary  alkalinity. 

Upon  these  properties  Palmer  has  developed  a  classification  of 
natiural  waters,  which  correlates  them  with  their  geologic  origin. 
Waters  issuing  from  areas  of  crystalline,  feldspathic  rocks,  are  char- 
acterized by  high  primary  alkalinity,  low  concentration,  and  a 
notable  proportion  of  sihca.  Waters  from  sedimentary  regions, 
especially  where  limestone  is  abundant,  show  secondary  alkalinity. 
Ocean  water  and  other  similar  brines  are  almost  entirely  saline,  and 
alkalinity  is  nearly  or  even  wholly  wanting  in  them.  Palmer  gives 
numerous,  carefully  worked  out,  illustrations  of  the  applicability  of 
his  method  of  discussion  to  geochemical  problems,  but  the  details 
can  not  well  be  presented  here. 

When  water  first  emei^es  from  the  earth  as  a  spring  its  mineral 
compositioQ  is  dependent  upon  local  conditions.  Some  spring  waters 
are  exceedingly  dilute;  others  are  heavily  chained  with  saline  impuri- 
ties. To  the  subject  of  "mineral"  springs,  a  separate  chapter 
will  be  given,  and  only  a  few  analyses  of  spring  water,  all  taken 
from  the  records  of  the  United  States  Geological  Survey,  need  be 
given  here.  Theyrepresent  the  b^pnnings  of  streams,  and  are  there- 
fore edgnificant  in  this  connection.  All  these  analyses  are  reduced 
to  a  uniform  standard,  m  accordance  with  the  rules  laid  down  in  the 
preceding  pages.' 

tra»"t*o«BimloHnwtprat»tlaaofw»tT>a>ljM«:  Boll  U.S.GcoLSorve;  No.  479,1811. 

I  IimamtnUe  uttlTtai  ot  v^ls,  Iprlivs,  *nd  undar^romid  witcn  ggoenll;  are  M  be  fOuDd  softtund 
thnu^  (he  Ittenton.  See  for  sxunple,  6.  W.  MeCalUe,  Bnll.  GaoL  eurvej'  Oewgla  Kg.  15, 190S,  ind 
B-  BvMw,  BolL  Univ.  llUnali,  toL  S,  No.  t.  190S. 
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AitalyieM  o/ipring  water. 

A.  Sprb'g  ami  Uagnet  Coy*,  AAansu.    Analjals  by  E.  N.  Stokes. 

B.  Spring]  mllswHtarBanUFa.NewllBilco.    AnalTsbbj  F. 'W.Cta^ 

C.  Bprlsg  near  Uoimtaln  City,  Temwssn.    AnalTslsb;  T.M.  Chatanl. 

D.  Cbledonla  Bprln;,  Csladonla,  New  York.    Aml^sbby  H.  N.Stokss. 

E.  Sprl3-;3inIl3sW3narLo«e9vlUe,NorUiCan>lliu.    Aiuljsls  by  F.  T.  Clarl 

F.  SprlDjuiorUauntUlca,  Paris,  Ualne.    Aiul;sl3  bf  F,  W.  Clarks. 


A 

B 

C 

D 

B 

F 

63.59 
3.40 
1.35 

30.95 
3.45 
1.08 
.63 
5.55 

47.14 
6.67 
4.13 

22.67 

6.17 

1    5.32 

7.86 

27.29 

16.37 
1. 50 

14.39 
2.23 
5.72 
3.97 

27.17 

Trace. 

1.36 

11.73 
31.62 
22. 2S 
19.49 
3.25 
10.62 
.34 
.67 

12.16 
51.86 
.45 
23.68 
1.47 
4.16 
.34 
5.99 

so' 

He 

nS::::::::;.;;::::::::::::;::; 

Salmity,  parte  per  million 

100.00 

224 

100.00 
280 

100.00 
SO 

100.00 
925 

100.00 
642 

100.00 

eo6 

Some  of  these  waters  yield  carbooates  on  eraporation,  one  yields 
mainly  sulphates,  and  between  the  two  extremes  the  carbonic  and 
sulphuric  radicles  vary  almost  reciprocally.  One  water  is  character- 
ized by  its  high  proportion  of  chlorine  and  another  by  its  large  per- 
centage of  silica;  but  in  all  of  them  calcimn  is  the  dominant  metal.  In 
salinity  they  differ  somewhat  widely,  but  the  most  concentrated 
example  contains  only  925  parts  per  million,  or  S2  grains  to  the 
United  States  gallon,  of  foreign  solids.  It  will  be  seen  as  we  go 
farther  that  carbonate  waters  are  the  most  common,  for  the  reason 
that  rain  water  brings  carbonic  acid  from  the  air,  and  that  substance 
is  most  active  as  a  solvent  of  mineral  matter. 

CHAN^OES    OF    COMPOSITION. 

As  spring  water  flows  from  its  source  it  rapidly  changes  in  char^ 
acter.  It  receives  other  water  in  the  form  of  rain  or  of  ground  water 
flowing  from  the  soil,  and  it  blends  with  other  rivulets  to  produce 
latger  streams.  Under  certain  conditions  a  part  of  its  dissolved  load 
may  be  precipitated,  and  the  composition  of  a  river  as  it  approaches 
the  sea  represents  the  aggregate  effect  of  all  these  agencies.  A  river 
is  the  average  of  all  its  tributaries,  plus  rain  and  ground  water,  and 
many  rivers  show  also  the  effects  of  contamination  from  (owns  aad 
factories.  Small  streams  are  the  most  affected  by  local  conditions, 
and  show  the  greatest  differences  in  composition;  la^e  rivers,  as  a 
rule,  resemble  one  another  more  nearly. 

How  rapidly  and  how  profoundly  the  composition  of  a  river  may 
be  modified  are  well  illustrated  ia  Headden's  bulletin,  wMt^  I  hsTO 
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already  cited.^  Cache  la  Poudre  River  in  Colorado  flows  first  through 
a  rocky  canyon,  over  bowlders  of  schist  and  granite,  and  thence 
eme^;ee  upon  the  Plains.  Its  waters  are  then  diverted  into  ditches 
and  reservoirs  for  purposes  of  irrigation,  and  finally  reach  the  Platte 
near  Greeley.  In  performing  the  work  of  irrigation  they  acquire  s 
new  load  of  solid  matter,  and  the  progressive  changes  in  their  com- 
position are  clearly  shown  by  Headden's  analyses.  Some  of  the  latter 
I  will  cite,  first,  ss  Headden  gives  them  in  grains  to  the  imperial  gallon, 
and  then  in  a  second  table  reduced  to  ions  and  percentages. 

Analysis  E  is  the  one  cited  on  page  59  to  show  different  forms  of 
statement.  In  all  cases  I  omit  Headden's  figures  for  "ignition,"  and 
deal  with  the  anhydrous  residues  alone. 


^/™ 


A.  Codieto  Poodle  Blc«tsboratbaiwrUi  folk. 

B.  C^dui  U  Pondro  River  wftter  from  buoot  in  Inbontory  nt 
C  CocholA  PaudreRlTOTSmilesvbovB  Gieolay. 

D.  Cxdiela  Pondre  ItlTcr  3  man  IkIdw  Qteelef. 

E.  Phtte  Rhrei  belov  mouth  of  tbe  Ctcba  la  Poudra. 


A 

B 

e 

D 

E 

CO, 

0.6029 

.1037 
.5238 
Trace. 
.1257 
.3750 
.0856 
.6053 
.0113 
.0018 

2.  3731 
1.8609 
.1055 
3.0364 
.0223 
.8857 
.6631 
.1921 
.6245 
,0171 
.0112 

6.920 

54.970 
2.770 
18. 938 

5.087 
30.374 

2.145 
14. 087 

b5:::.v;;:;::::::::::::::::::::::::: 

a...          .                  .  . 

2.681 

CaO 

MgO 

12.  ISO 
14.590 

.451 
1.035 

.079 
Trace. 

6.592 
9.117 
.372 
.951 
.030 
.078 

^"::;;::;.".;;:::;::;;:::;;::;::::: 

§15; 

ito;orf!^v.v:;:::::::;:::::::::;::::: 

L«H  0— CI 

2.6296 
.0234 

9.8009 
.0238 

110.943 
.624 

67.842 

.483 

71. 570 

.604 

2.6062 

9. 7771 

110.319 

67.359 

70.966 

8r... 


Sio^ 


10.80 
2.72 
23.60 


R^.v;;;.::::::::::::::::::: 

)  10O.O 
Salinity,  parta  per  miUion 3' 

1  BnU.  Colotado  Asr.  Bipw. 
97270*— Bnll.  61«— 16 tt 


6.12 
1.66 
6.49 


8U.  No.  81,  igoa. 


^d  by  Google 


66 


THE  DATA  OF   0E0CHEMI8TBT. 


We  have  here,  first,  a  very  pure  mountiun  water,  relatively  high 
in  carbonates  and  rich  in  silica.  At  the  end  of  the  series  we  have 
waters  in  which  sulphates. prodominate  and  the  proportion  of  silica. 
ia  very  low.  The  change  is  extremely  great  in  all  respecte,  and  is 
partly  due  to  the  use  of  the  water  for  irrigating  an  originally  arid  soil 
contaiaing  much  soluble  matter.  Probably  when  the  soil  shall  have 
been  thoroughly  leached  by  long  periods  of  cultivation  the  changes 
in  the  water  will  be  less  exaggerated.  A  similar  alteration  is  also 
shown  in  Headden's  analyses  of  water  from  Arkansas  River,  first  at 
Canon  City,  where  it  emei^es  from  the  mountains,  and  second  at 
Rockyford,  nearly  100  miles  below.'  The  analyses  are  as  follows, 
reduced  to  the  common  standard  adopted  in  this  memoir.  Headden 
regards  the  silica  as  present  partly  in  ih.e  form  of  alkaline  silicates,  a 
supposition  which  is  probably  correct.  For  present  purposes,  however, 
the  difference  between  SiO,  and  the  SiO,  radicle  may  be  neglected. 

Analyta  o/vpaUr/rom  ArhtruoM  River  ai  fuw  point*  in  Colorado. 


CaooDCIty. 

Rockytori. 

37.65 
14.62 
3.77 
20.24 
6.13 
9.57 
.60 
M9 
.33 

Bo;:::::::;::;;.:::;:::;;::;:::;:;;:::::::::;:::;::::::::: 

CI 

Na 

R,C), ;■;■;;;; 

100.00 
148 

100.00 
2,134 

Changes  of  a  different  order  are  shown  by  the  waters  of  the  River 
Ch61if,  in  Algeria,  according  to  the  investigation  by  L.  Ville.*  This 
stream  flows  through  an  arid  region,  in  which  incrustations  or  efflores- 
censes  of  salt  and  gypsum  abound.  Lower  in  its  course  it  receives 
affluents  much  poorer  in  mineral  matter,  and  its  character,  at  least  as 
regards  salinity,  is  modified.  Ville's  analyses  reduced  to  a  modem 
standard  are  as  follows: 

<  Boll.  Colorado  AgT.  Exper.  Bis.  No.  82, 1903.  ITeadden  *lso  Elves  analyses  Dl  vator  [mm  St.  Vialn, 
Big  TbompsoD,  BouMer,  and  Clear  creeks,  and  ^m  naaj  naerToln,  lirigaEliig  dltcbss,  aod  wsUa.  Bee 
aba  Am.  Jeqi.  ScL,  4th  »r.,  vol.  ID,  1003,  p.  16S. 

■  Bull.  Boc.  gM,  Fraoco,  2d  act.,  vol.  11 ,  ISSI,  p.  353.  A  later  analj'ils  by  Balland  b  gimn  In  Jam.  Chem. 
Boo.,  vol.  36, 1S7B,  p.  619,  abatiHct.  EIlll  anoiher,  by  7.  de  Uartgny,  ti  cited  by  TtoEb.  In  Annalai  dee 
mines,  Sth  m.,  voL  11,  IBS?,  p.  W7,  Mulgoy  giiaa  analyna  ol  two  otbar  *'yrt'"  ttrert. 


,  Google 
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Aw^$et  of  mater  fiom  River  Chtlif,  Algtrv. 

A.  Suiqde  lakan  it  Ear-Bogluri  durtng  extmna  low  ynXtt. 

B.  Sunpls  taken  at  tha  aaine  point  ■  law  dan  laMr,  afw  a  ilw. 

C.  BamplB  Irom  OrieaurlllB,  mucb  briber  downilraam. 


A 

B 

C 

CO. 

0.93 
40.36 
26.40 
7.46 
4.12 
20.64 
.08 
.03 

Lll 

26.87 
39.28 
a63 
4.42 
22.61 
.04 
.04 

^.v;;:::;.;;::::;::::;:;::::;:::::::::::;::;;::;:::; 

nS' 

%:""■.;":::::::::::::::::::::;:::::;:::::::::;:::: 

100.00 
6,670 

100.00 
5,342 

100.00 

The  effect  of  diluUon  by  affluente  is  shown  by  analysis  C;  but  the 
interesting  feature  of  the  seriee  is  the  difference  between  hi^  and 
low  water  at  Kear-Boghan.  Ville  attributes  this  difference  to  the 
fact  that  salt  is  much  more  soluble  than  gypsum  and  that  therefore 
during  a  flood  it  is  dissolved  out  more  freely  and  more  rapidly  from 
the  soil.  At  low  water  sulphates  are  in  excess  of  chlorides;  at  hi^ 
water  the  reverse  is  true. 

The  examples  thus  far  cited  serve  to  show  the  danger  of  attempting 
to  draw  generd  conclusions  from  a  single  analysis  of  a  water,  espe- 
cially when  the  latter  is  collected  at  only  one  point.  If  we  wish  to 
determine  the  total  load  carried  by  a  river  to  the  ocean,  the  samples 
should  be  taken  as  near  as  possible  to  its  mouth,  but  far  enou^  up- 
stream to  avoid  tidal  contamination;  and  the  analyses  should  be 
numerous  enough  to  give  a  fair  average  result.  Without  sudi  pre- 
cautioDs  no  valid  conclusions  can  be  reached.  The  data  must  be 
adequate  to  the  purpose  in  view — a  condition  which  is  not  always 
fulfilled. 
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ANALYSES    OF    RIVER   WATERS. 

Many  analyses  of  river  and  lake  water  are  to  be  found  scattered 
throu^  chemical  and  geological  literature.  Only  a  part  of  the 
material  can  be  considered  here,  and  preference  will  be  giren  but  not 
exclusively,  to  analyses  not  cited  in  the  classical  works  of  J.  Roth  and 
O.  Bischof.  Many  of  the  analyses  were  made  in  the  laboratories  of 
the  United  States  Geological  Survey  and  especially  in  those  of  the 
waterHresourcee  branch.  The  work  of  that  branch,  in  this  pu-ticular 
direction,  is  mainly  but  not  exclusively  represented  by  six  publi- 
cations,*  in  which  a  large  number  of  American  rivers  have  been 
studied  with  remarkable  exhaustiveness.  For  each  river  or  lake 
many  analyses  were  made,  in  such  a  manner  as  to  ^ve  its  average 
composition  for  an  entire  year.  As  a  rule,  samples  of  water  were 
taken  daily,  and  combined  into  composite  samples  of  seven  to  ten 
which  were  analyzed.  The  analyses,  however,  some  thouands  in 
number,  are  not  absolutely  complete.  Alumina,  for  example,  was 
not  determined,  and  the  alkalies,  as  a  rule,  were  weighed  together 
and  calculated  as  all  sodium.  Later  work,  by  Chase  Palmer,  cor- 
rected the  latter  omission,  and  I  have  been  able  to  recalculate  the 
published  analyses  with  the  introduction  of  Palmer's  figures*  for 
Na  and  K.  All  the  analyses  cited  in  the  following  pages  have  been 
reduced  to  the  uniform  standard  which  was  outlined  in  the  preceding 
pf^es;  but  the  original  figures  can  usually  be  found  through  the 
references  to  the  literature.  In  addition  to  the  substances  enumerated 
in  the  analyses,  waters  contain  many  other  constituents  in  minute, 
almost  undeterminable  traces.  One  of  those,  fluorine,  has  recently 
been  determined  in  several  river  waters  by  A,  Gautier  and  P.  Claus- 
maim.'  The  quantities  found  ranged  from  0.02  to  0.6  milligram 
per  liter,  being  highest  in  waters  emerging  from  primitive  rocks. 

■  WatO^Buppl;  Papers  No.  :3e,1i7  R.B.  Dole,  1909;  No.  33T,  by  WoItoiiVinWIiiUeBiid  F.  IL  Batco, 
191(^  No.  Sfl,  li;  W.  D.  Collins,  ISIO;  No.  Z73,  by  H.  N.  Vutar  Bud  E.  H.  8.  BiUiy,  IBll;  and  Vet.  Ot 
■nd  3«3,  t)j  W.  Van  WIcUe,  ISll.    W>t«-8uppl;  Paper  No.  371,  by  E  -    --        - 

many  analyan  of  rtrsr  waUn. 

•  eappUsd  by  Falmsr.    For  detaUi  >m  BolL  V.  B.  Oaol.  BurvBy  No.  ITV,  IVU. 

'  Compt.  Road.,  ToL  15B,  1M4,  p.  USt. 
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For  geological  purposes  a  regional  classification  of  ttie  data  would 
seem  to  be  the  most  practicable,  for  the  members  of  a  river  system 
belong  naturally  together.  Taking  North  American  rivers  first  in 
order,  let  us  begin  with  the  St.  Lawrence  and  its  tributariea.  The 
selected  analyses  are  as  follows: 

ATiaJytu  o/vxUtrfram  the  Great  Lata  and  Ae  St.  Laimemx. 

A.  I4ke  Bupate  at  Built  St«.  Ifarls.  Hmo  of  11  umItmb  of  HUDpln  ttkoi  monthly  batmen  8«p- 
Mmb«31,IM(l,aiMiAiicail  13,11107.  Otlxr  ualTSOg  of  l>ak«  SopMlix  «*t«r hiT*  been  imd*  b;  W.  A. 
NorOi  ElBVtmth  Ann.  B«pt.  UlunMaU  OeoL  Burra;,  ISSS,  p.  1»;  b;  W.  F.  iBCkman,  cltad  b;  A.  C. 
I«i>eln  WRUr-Supply  Papa-  U.  8.  Qeol.  eurve;  No.  31,  igm,p.  71\  ud  by  Q.  L.  Heath,  R«pt. Slat* Board 
OeoL  Somy  MlcUgan,  iflOS,  p.  US. 

B.  l£^Jt  Michigan  at  St.  Ignics.  Hon  of  11  Mmpka  taken  between  Septembet  »,  IMM,  and  Aofoat 
30,  ISOT.  Analym  of  Lake  Utohigaii  water  at  Milwaukee  and  «l  HSwaukee  River,  by  O.  Bode,  are  pnb- 
Usbed  In  Oeologj  of  Wlaoonaln,  vol.  1, 18S3,  p.  SOS.  Another  analyile  of  the  lake  water,  by  }.  H.  Loni, 
It  tlven  In  Report  on  the  boiler  vaten  of  the  Chloaco,  BuillngtoD  it  Qnlnoy  RaUroad,  published  by  that 
Gompeiiy  In  1BS8. 

C  Lake  Huron  at  PettHoron.   lIeBnate>amirieatBkatibetweenBeplemberSl,lira(l,andJuna3l,U0T. 

D.  I«ko  Erie  at  Bullalo.    Mean  of  11  nmplaa  taken  between  September  19,  iSM,  and  Aufost  2S,  igoT. 

E.  The  St.  l^wnmoe  at  OgdaoBbms.  Keen  of  It  samples  taken  batman  September  18,  iBOt,  and 
Aacmt  10,  \VS. 

AnalyaN  A  to  B  by  B.  B.  DolaandH.  O.  Roberts,  See  Water^npply  PapK  IT.  8.  Oeol.  Bnrvey  No. 
3K. 

F.  Tba  SL  lAwisKa  at  Potato  dee  Oucades,  near  Vaodreoll,  above  llaitieaL  Analyib  by  T.  SMny 
Hnnt,  FhSoe.  Itt.,  1th  ler.,  voL  13, 1SS7,  p,  JM. 

O.  Tlu  St.  lAwience  oppodte  IfontreaL   AjMlyile  by  Nemnui  Tate,  oltad  by  T.  Uellard  Bearie,  in 


A 

B 

c 

D 

B 

P 

0 

47.42 
3.62 
1.89 
.86 
22.42 
6.35 
J    5.. 

12.76 
.16 

49. 4& 
6.15 
2.31 
.26 

22.21 
7.01 

j« 

a64 

.06 

47.26 
6.77 
2.42 
.38 
22,33 
6.62 
1    4.10 

11.16 
.06 

44.70 
9.83 
6.68 
.23 

23.46 
6.76 

4.46 
.08 

46.70 
9.15 
6.87 
.23 

23.66 
6.49 

}"' 

5.03 
.06 

41.66 
6.19 
1.61 

BoT 

NO.                     .  .   .. 

ca.::::::::;::::;::::: 

20.08 
4.62 
3.20 
.72 

23.12 

nS 

SiO,.                

Salinity,  parts  per  mil- 

100.  W 
0.60 

100.00 
118 

100.00 
108 

100.09 
133 

100.00 

134 

100.00 
160 

100.00 
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The  following  analTses  represent  tributaries  to  the  St.  liawrence: ' 


Analyta  ofwattrfrom  tnbularUt  to  Ou  St.  Lawrenee. 


inRlTi 


p.  174. 


,  Iflmusott.   AuBlysliby  W.J 


.  NajM,  E 


Ttmtli  Ajid.  Rcpt.  U 


1.  Qiand  RlycrM  Onind  Raplda,  Ulchigui.  Utan  at  34  campoaltM  atmnpl«  takm  botiTMn  Octobs 
1,  ISOS,  and  Odabar  G,  1907.    An&lyara  by  R.  B.  Dola,  If.  O.  Bobdta,  C.  Falnur,  and  W.  D,  CoUtm. 

J.  Ealamaioo  Ktvsr  near  Kalamuoo,  Uldilgui.  l£nn  of  35  compositai,  Stptembei  IV,  19W,  to  Bqi- 
l«mbai  31, 11107.    Same  analysta  M  under  I. 

E.  lEaomoe  Biygi  at  Tidedo,  Ohio.  If  ehd  oI  SA  oompmltn  takm  baMssD  Baptambs'  0,  1906,  and 
October  T,  190T.    Dale,  Robsria,  and  FbIidh,  analyata. 

L.  OvUBeaRtTCrat  Roctteatei,  Nav  York,  Aiiiayalgb;  C,  F.  Cbandler.clMbyl.C.  RiuaglllDlfOD. 
U.  B.  Qeol.  Snrvey,  vol.  11, 1S8S,  opp.  p,  ITS. 

U.  OswegaCchla  River  at  Ogdenaboi];,  Nev  York.  Ifcan  of  35  composltea,  SeptembO'  B,  1906,  to  S«p- 
Icmbirtt,  1907.    Bams  analysts  aa  undar  I. 

M.  Ottawa  River  at  Ottawa,  Canada.  High  water,  Jnly,  1907.  Analysis  by  F.  T.  Sbatt  and  A.  Q. 
8paK«',  Trans.  Roy.  Soc.  Canada, 3d  ser.,  vol.  3, 1908,  p.  179.    Another  Ineomplflte  aiuilyab  1>  also  glvin. 

O.  Lake  Champlaln.  Avenge  at  five  analyns  of  samples  taken  Id  the  broad  l&ke,  by  If .  O.  Lelghltm, 
Water-Sapply  Paper  U.S.  Qaol.  Sorvey  No.  131,  lOOS.  This  papa  contains  analysn  at  wstar  from  Um 
upper  end  at  the  lake,  ol  Banqoet  Bl  w,  and  ot  TIconderoga  Creek. 

AnalysMl,  J,  E,  and  If.trom  Waler-Snpply  F^iersoe,  contain  correnlons  far  the  alkalies  as  fomlibad 
Xsj  Palmer.    An  earlier  analyiii  ot  water  trom  the  Uanmea,  by  Ctiandler,  and  ons  at  the  Ottawa,  by  T.  S. 


Himt,  anglvaain  the  Brat  edition  ot  thla  book 
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Sftlinity,    parts   per 

100.00 

61 

100.00 

268 

100.00 
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Between  these  waters  there  are  distinct  resemblances,  in  that  car- 
bonate are  the  predominating  salta  and  calcimn  is  the  chief  metal. 
Ottawa  River  is  characterized  by  high  sihca;  but  the  Genesee  and  the 
Maumee,  which  flow  through  areas  of  sedimentary  rocks,  contain  a 
larger  proportion  of  sulphates.  The  increase  in  salinity  or  concen- 
tration in  passing  from  Pigeon  River,  at  the  head  of  liake  Superior, 
to  the  St.  Lawrence  at  Montreal  is  also  noteworthy.  The  two  Mont- 
real analyses,  F  and  G,  are,  however,  far  from  concordant  and  can 
not  be  given  much  weight. 

1  other  trlbalarles  that  have  been  aaalyied  are  as  loUaws:  OooaaLake,  Mlclijgan  (Oeol.  Bnrray  Ulchlgwi, 
ToL  S,  pt.  S,  IMS,  p.  33S):  Torch  Lake,  Portage  Lake,  Fine  Rival,  Thunder  Bivar  (Rapt  State  Board 
OaoL  Surrey  Uichlgan,  IKO);  TraveiM  Bay,  Detroit,  Shlawasaee,  Qiand,  Cass,  Chippewa,  Tlttnbawanae, 
and  Boardman  rivers,  Uaniatao  and  Itnakegon  l*k«,  cited  by  A.  C.  Lane  In  Watsr^oivly  Fi^w  D.  B. 
OeoL  Smray  No.  31, 1903. 
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According  to  estimates  made  by  engineers  of  the  United  States 
Army,  the  flow  of  the  St.  Lawrence  past  Ogdensburg  is  248,518  cubio 
feet  per  aecond.  This,  with  a  salinity  of  134  parta  per  million,  cor- 
responds to  a  transport  of  dissolved  matter  of  29,722,000  metric  tons 
annually.  The  area  drained,  exclusive  of  water  surface,  is  286,900 
square  miles,  and  from  each  square  mile  103.6  tons  are  removed  in 

solution  each  year.        

THE  ATItAHTIC  8L0FB. 

For  the  rivers  and  lakes  of  the  Atlantic  slope  south  of  the  St.  Law- 
rence the  data  are  now  fairly  abundant.    The  subjoined  analyses  are 
the  most  useful.    In  all  of  them  bicarbonates  are  reduced  to  normal 
form,  and  organic  matter  is  omitted  from  the  calculation. 
AnalyuM  of  vxilen  of  AUanlie  ilope — /. 


B  ol  3a  uiB]yM9  or  ir«eUy  sunptts 
Id  C  DUUle  by  F.  C.  Rabbuaa,  lor 
u  rscalcnlMad  b;  Dole  In  Wata- 


A.  Uoawbead  Laka,  UalDa. 

B.  Raajelcy  Lake,  Uaiat. 

C.  Androsooggfai  River  at  Bnmnrlck,  If  Bin*,  abora  Uia  Calla.  Avar 
taken  betvean  April  36,  1805,  and  Jaouaiy  IS,  1906.  Analyica  A,  B, 
tbe  ntat^wourceB  brancb  or  the  Cnlted  States  Oeidoglcal  Surrey. 
Boppl;  Paper  330.    The  andatArmliiad  C0|  Is  oompnlad  to  aallsl;  be 

D.  HerrliDSC  HItoi  above  Conoord,  New  Hampsbtra.  Analysis  by  U,  E-  BamarJ  tor  Iha  watar^^eournea 
bnncfa  of  tbe  GeokiKlGal  Survey. 

E.  BodsoD  River  at  Hudson,  New  York.  Ifcan  analyils  ol  M  ireakly  compcHftes  taken  betvaau  Sep- 
tember M,  190>,  and  Saplembs  33,  l«07.  Analyna  by  R.  B.  Dole,  It.  Q.  Robots,  C.  Palmv,  and  W.  D. 
CoUini,  Water-Bupply  Paper  330.  IMS.  Analyia  by  C.  F.  Chandler  of  water  trom  tba  HndSDo  and  Ita 
tnbntartee,  the  Uobavk  and  the  CrotOD,  are  cited  In  the  flrrt  edltkin  at  this  book  (Bulletin  330). 

F.  Barltan  River  at  Bound  Brook,  New  Jtnay.  U ean  ol  3S  oompasll*  samples  taken  between  Bep- 
tamber  10,  IBOS,  and  BepCember  13, 1907.  Sams  analyits  and  releroica  ai  under  E.  Analyaea  ol  senna 
New  lerwy  streams  are  glvan  by  A.  H.  CbesM  In  the  report  on  water  supply,' New  Jeney  Oeol,  Sorvay, 
IBM.  An  analysli  ol  water  Irom  Passaic  Rive-,  by  E.  N.  Uocslord.  Is  pnbllsbed  In  Oeolefy  ol  NewJviey, 
1SS3,  p.  703:  and  anotber  by  H.  Wurti  In  Am.  Cbamlst,  vol.  4,  1873,  pp.  90,  133. 

0.  S^wara  River  at  Lambirtvllla,  New  Jeney.  Uean  ot  34  composite  sampUs,  September  8,  IMt, 
to  September  13,1007.  SamaanalystsaadreleraiceaBiinderE.  A  slmllai  avvafe  analysis  at  the  Letilgh 
is  also  given  by  Dole.  For  an  earlier,  iln^e  analysis  of  Ddawara  water  sea  H.  Worti,  Am.  Joor.  ScL, 
Idiar.,  vat.  32,  lSSS,p.  12S.  Analysaa  ol  water  rrom  tlie  Schuylkill  are  given  by  C.U.Crasson  In  a  rapcrt 
ntlUed  "  Reeults  of  uamlnatlons  ol  watv  from  the  River  Schuylkill,"  Philadelphia,  1STS. 

E.  Busquebanna  River,  at  DaoviUa,  Psuuylvaula.  Uean  ol  30  camposlta  samplcc,  September  10, 1906, 
to  September  17,1907.  Same  analysts  and  relenmce  as  under  E.  Similar  annual  averages  lor  the  river  at 
West  Plttstonand  WIUbmspOTtareaboGlTniby  Dole.  TheSssanehaimaabowstheeSectsoroontamlni- 
tlon  by  oDOl.mlne  dral[Ui£e- 

In  analyses  E,  F,  O,  and  n  the  alkalies  are  glvm  u  corrected  by  Palmer. 
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17.49 
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Analyses  A  and  B  are  remarkable  because  of  their  relatively  high 
content  in  alkaline  chlorides.  Theee  waters,  however,  are  very  dilute, 
and  the  absolute  quantity  of  chlorides  in  them  is  probably  no  more 
than  they  would  receive  from  nunfall.  The  AndrOBcoggLa  rises 
in  the  Rangeley  Lakes,  but  the  composition  of  its  water  is  pro- 
foundly modified  by  drainage  from  factories  and  pulp  mills.  Ite  head- 
waters, flowing  from  a  region  of  crystalline  rocks,  mainly  granitic, 
are  remarkably  pure. 

AnaiyM  of  wattrt  o/Aiiantie  tlope—II. 

L  PotemaetUvtratCiiniberluid,  Haryluid.  Uaan  composition  ol  39  coiiipiBlt«wnp1«BttkfDlMtwMQ 
B<ptanlMtIl,190e,>ndS«ptenibvl4,  ISOT.    AiwlrMS  by  Dole,  Roborts,  Filmer,  and  Cdlbu. 

1.  SbtnmOMb  BivK  at  UIUvlll^  Wttt  VirghlL  ConqnaHa  of  »  aamplea,  Bq>t«mb(r  U,  IWS,  to 
BflptambtrS,  1907.    Some  anoljita  aa  under  L 

K.  FotoQuo  River  above  Onst  Falb,  Uairland.  Averace  of  twolva  sunpltt  Ukm  at  tutarrda  oT  so* 
month  betveoi  April,  IHM,  and  April,  ISQS.  AiialyiM  by  Saymond  OuIwiUr,  Wattr-Supply  Pa|i«r 
U.  S.  QaoL  Soivey  No.  1S3, 1907,  pp.  xt-vn.  TbSa  npot  cmtslm  Iblrtyfoar  olhar  analyiea  of  walet 
from  tho  upper  Potomati  and  Its  Impcrtant  Mbutarlca. 

L.  JamM  BiTtr  at  RI(±moDd,  Virginia.  ComposiM  ol  3a  sampia,  8«ptMiib«r  10,  I90t,  to  B<plamb« 
e,  1907.  Buna  analysts  as  unda  I.  A  thole  liy  A.  F,  Wblte,  Washington  and  L«e  UutnRlty,  19I»,  am- 
talna  partial  analTHea  of  trfbntBrleB  oI  tha  James  nmi  Laiitngbnii  Virginia.  Saa  also  an  analyxfa  of  Jamn 
RItk  wato-  by  W.  B.  Taylor,  Bept  to  Richmond  Board  of  Health,  1877,  dUd  In  tb«  Snt  adMCD  tt 
this  book  (Bullatbi  330). 

U.  Dm  RlTcr  at  South  Boaton,  Vb^tnla.  Composite  of  31  aamplea,  Saptambtr  3,  ISOt,  to  Hay  %  1(07. 
Dola,  Robarls,  and  Palmar,  aoalystii. 

M.  Roanoka  RIVK  at  Randolph,  Vlrsfnla.  CompiKita  of  90  nmpta,  SepMnbw  T,  1908,  to  Uaj  11, 1007. 
Same  amlyati  as  nnda-  U. 

0.  NeuN  Rlvar  at  Raleigh,  Ncrth  Candlna.  Composite  of  K  aamplea,  Ootobtr  1,  lOOt,  to  OetcAxr  10, 
I90T.    Same  analyala  u  nndtr  I. 

AUthaauatyiBlnthb  table  except  E  are  recalenlatad  from  Wate^opply  Paper  3^^  irlth  tlM  alkali 
Tacted  by  Palmar.    Each  composite  sample  repceaenta  ten  '  ~ 
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The  first  three  analyses  in  the  forgoing  table  are  pecuharly  sug- 
gestive. The  Potomac  at  Cumberland  shows  the  effect  of  drainage 
from  coal  mines.  The  Shenandoah  adds  to  the  Potomac  a  lai^ 
volume  of  water  which  is  litde  contaminated  and  which  represents 
to  a  considerable  extent  the  influence  of  a  limestone  country.  At 
Great    Falls    the   Potomac,  modified  by  its  numerous  affluents, 
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approaches  the  normal  or  average  type  of  river  waters.  According 
to  estunates  made  by  Outwater  the  Potomac  annually  carriea  past 
Point  of  Rocks  771,000,000  kilograma  of  dissolved  matter  and 
212,000,000  kilc^rams  of  sohds  in  suspension,  or  sediments.  The 
sum  of  the  two  quantities  is  983,000  metric  tons,  or  a  little  over  102 
metric  tons  per  square  mile  of  the  territory  driuned.  The  dissolved 
matter  corresponds  to  SO  tons  per  square  mile. 


Analgtu  of  VMten  of  AUanlie  $lopt — III. 

P.  Cap*  Fear  Rlvtr  st  WOmlntCaa,  North  CwoUiu.    Uau  aulyils  of  30  composIM  m 
batWMO  October  2,  IMS,  uid  Octobar  V.  1907.    Dol*,  Roba'ts,  Pilmet,  aaa  CoUlna,  ooiItsU. 
pntbabl;  ""^"^M  b;  tld*l  coutsmliutlaii. 

Q.  P«edcB  RivH'  near  FndM,  Notth  Carolbu.    Utan  ot  14  composlta,  Octobv  36,  IMH,  to  Oewber  19, 
U07.    DolB,  PalnUT,  CoUlm,  and  J,  B.  Evaiu,  analysts. 

B.  Saluda  RItk  mar  Colombia,  Boath  Catollna.     Mmn  ol  IS  oompasltn,  Octob<t  IT,  IflOe,  to  U>;  3, 
190T.    EVBog,  analrst. 

S.  Wataw  RItb-  imu  Ctiiidan,  Soath  Caratbu.    Uian  at  34  composltn,  Octoliw  31,  IWO,  to  October 
36, 1907.    Dolt,  Evana,  Palnur,  and  ColUns,  onalrsls. 

T.  Saraimah  Blvtr  nni  AugwlB,  Oaorglo.    iSma  ot  M  compcsltn,  Octobw  3S,  IKM,  to  October  3i,  ISOT. 
B«ma  analysW  u  nnd«  Q. 

a.  Ocmiilgaa  River  i»r  itaeoa,  a«n«la.    llaan  of  33  compoaltM,  Octoba-  IS,  1«M,  to  Octobv  31, 1907. 
Bama  analysts  b9  ondcr  Q. 

V.  OomM  RtTcr  DMt  T>Dblbi,  Onxfiia.    Ifian  of  33  composlttt,  October  18, 1909,  to  October  17, 1907. 
s-Q.   Aii&l;slsPtoVaretromWat«r-BuppI;Paper:3«.    Potanlumd< 

).  Dola  ta  < 
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74  THE  DATA  OF   0E0CHEMI5TBT. 

The  water  of  Lake  Okecliobee  is  remarkably  h^h  in  sodium  and 
chlorine.     Is  this  due  to  cyclic  salt  brought  down  in  rain  1 

Analytet  of  eatUm  trtimtaria  to  the  Ovlfof  Mexico. 

A.  niutRtTtrnnr  AltHn;i  Oaorgla.  M«n  auilyalj  of  20  composite  lamplia  takeii  batvesn  October 
33,  igW.aDdUafU,  1907.    J.  It.  Etuu.  analyst. 

B.  CbstlahoocbwItlTKatWvtPDint.Qangli.  UraiioI34<winpo8Ka,OcIoba'2e,lS(M,to  OctobcrlS, 
IWT.    Dole,  Evans,  Palnw,  and  Collins,  Binlrata. 

0.  Oostanaiila River tiearaojna.QeorEia.  HouioiaiDomixJsltn,  Odober^l,  lOOe.to  Octobs- 28, ItOT. 
Same  analysts  as  ondcr  B. 

D.  Cababa Blvtr n«ai BbmlnCbam, Alabama.  UnDDlSOcomposltM.NoTambcrl.lSOS,  toNovamba 
1, 1W7.  Sam*  analysts  as  under  I).  Fcr  a  single  aislyits  ol  «al«r  from  tbe  Cahaba  see  R.  8.  Bodga, 
OeoL  Surrey  Alabama,  Und«r(rouiid  water  rcsouroa,  1907.  TblarepartcoDtalDsmanranalTSceolsprliiss 
and  wells. 


,  Itoe,  to  October  IT,  UOT. 
.,  190e,  to  October  34, 1907. 


U  RlTCt  at  Sclnm,  Alabama.    MoanotSScomposlUs,  Novemba'. 
Evans,  Dole,  Palmer,  CMItns,  and  W.  Van  Winkle,  analysts. 

F.  Tomblgbee  River  near  Epei,  Alabama.   Uean  of  33  composltas,  October : 
Btuneanalysts  as  under  B. 

a.  Fcnrl Rlvs, nnr  Joctaon, Ulaalslppi.    Ueuiot33campoiilla,OctobV  18,1908, toOctobs IS,  1M7. 
Same  BiiBlysla  as  undir  B. 

All  tbe  analyses  In  tbis  taUs  are  recalonlaled  from  Wats-Bopply  Paper  23S  and  tnolmh  Uter  atlmli 
determinations  by  Palmer. 
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29.48 
1.22 

32.53 

11.18 
2.79 
.76 

16.52 
3.17 
8.78 
3.18 

20.33 
.76 

27.86 
10.63 

2.72 

.83 

15.35 

3.42 
11.33 

2.12 

24.79 

.95 

33.34 
6.37 
3.03 
.61 

18.18 
1.82 
6.18 
2.32 

25.25 
.90 

so!': ■  " 

oT 

ns::.". :":::;"; 

E 

Salinity,     perts    per 
milUnn 

100.00 

67 

100.00 
62 

100.00 

100.00 
76 

100.00 

100.00 
94 

100.00 

A  glance  at  the  foregoing  table  and  the  two  immediately  preceding 
it  reveals  a  remarkable  similarity  between  tbe  waters  of  the  southern 
rivers  from  tbe  James  to  the  Pearl  inclusive.  All  are  low  in  salinity 
and  relatively  high  in  sihca  and  the  alkalies.  In  several  of  the 
analyses  the  alkaline  radicles  are  in  excess  of  calcium.  River  waters, 
in  short,  seem  to  exhibit  distinct  regional  peculiarities,  which,  in 
most  cases,  if  not  in  all,  are  due  to  the  geology  of  the  region  traversed. 
These  waters,  with  one  or  two  exceptions,  flow  from  areas  of  crystal- 
line schists,  and  owe  little  to  sedimentary  environments. 
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THE  mSBISSIFPZ  BASZK. 


For  the  great  river  system  of  the  Mississippi  the  chemical  data  are 
abundaDt,  but  of  very  unequal  value.  The  river  itself  has  been 
studied  from  Dear  its  source  to  near  its  mouth,  and  the  waters  of 
many  tributaries  have  also  been  analyzed.  Taking  the  Mississippi 
itself  first,  the  useful  data  are  as  follows,  arranged  in  order  going 
southward: 

AntUfiei  of  mater  from  Miitittippi  Rivff," 

A.  lUnlMlpiilRlmttBniiiad.Uliimota.  AiulyalibfC.  F.  Bldemr,  ThfrtiHith  Ann.  Rgpt.  Onl. 
NM.  Bin.  Bumy  UlnnnDta,  1SS4,  p.  103. 

B.  UlsslnlppIBlvvatUlnnaapaUiiUlniNsota.  Awagtafasuulysa.by  W.U.  But,  H,  S.  Bpoold- 
Ing,  and  W.  Vu  Winkle,  olnn^ilaiachlDrmed  b]r  toi  dally  c»U«t[DD9  bstwaen  Boptenibcr  10,  IDOO,  and 
StpUmber  11, 1907. 

C.  Jllnlolppl  BIv«r  nnr  ItollDe.  nilmia.  Unn  of  18  campodM  nmplas  taken  lMnr«s&  Felmarj  I, 
andlulySl.lHX.    W.D.  CoUlm.ainljil. 

D.  MlKlmlppl  RItw  near  Qfitacy,  lUiiioli.  Ucan  of  X  compoaltc  aatnplca  takni  batmiD  August  1, 
IBM,  and  July  31, 1907.    W.  D.  CoUlns.analyit. 

G.  Ulalslppl  Klvs-  niai  OuBbv,  Illinois.  Ifno  ot  SI  compoitto  iunpl«  takan  batman  Auguat  1, 
UM,  and  Jul;  SI,  1M7.    W.  D.  C(iUJiu,uulyat 

y.  Ulslsslppl Rtver at Uampbis, TeauMoaa.  IfeanotUfconipoglteBainples  takan batvoan Jannsiy Ift 
Jtai,  and  January  1,  UOB.  Analysa  by  J-  a.  Evans,  W.  Van  Winkle,  R.  B.  JMe,  Cbaaa  Falour,  and 
W.  D.  CcdlbB.    Lata  alk>il  debrminallons  by  Falmir. 

O.  Ulninlppl  BItct  abova  Cerrolton,  Loolalaua.  Analyala  by  C.  H.  StuM,  Bctausa,  toI.  33,  UOt, 
p.  in.   Sampla  takeo  9  feet  belov  auilaoa.   Ttacalcutalad  from  blcaiboDaUs. 

H.  Hiniaalppl  Klw  at  Mmr  Origans.  Ucan  ot  52  compoalta  sampln  takan  dally  batwoan  April  3^ 
]S06,ai>dAp(li38,l«aa.    J. B.  Fortcr, analyst. 

Tha  analysia,  eicapt  A  aod  O,  are  racalcukted  liom  tli*  Ofuna  glvan  by  CoUlni  In  WalBNSuppIy  Papar 
3»  Bitd  IWla  In  Water-Supply  Fepv  ZSfl. 


A 

B 

c 

D 

E 

V 

0 

B 

CO...           

51. 6S 
1.05 

.48 

48.03 
9.35 
.83 
.73 

42.27 
13.68 
2.09 
1.01 

43.15 

12.53 
2.21 
1.10 

33.23 

21.74 
3.79 
1.05 

30.23 

20.50 
4.10 
.81 

"30.27 
19.69 

11.05 

""."27' 
20.25 

4.66 
6.86 
1.67 
5.07 
.12 
.08 
.11 

ra:'\;"v;:;::: :::::: 

iff, 

22.94 
4.09 
6.14 
1.75 
9.40 
2.01 
1.49 

20.77 

7.27 

1  5.19 

7.78 

18.68 

7.35 

1  6.65 

9.09 

18.08 

8.03 

1  6.52 

9.03 

17.08 
6,22 

8.54 

17.16 
5.72 
8.09 
1.62 

11.44 

kI 

J    .33 

uA 

.05 

.28 

.35 

- 

.43 

E,^;;;.:::;:.".;.:;:: 

''Si.^..'T.. 

100.00 

195 

100.00 
200 

100.00 
179 

100.00 
203 

100.00 
269 

loaoo 

202 

100.00 
146 

100.00 

168 

Ann.  Bapt  G«)L>Iat.  Hlat.  Burray 


OT*  and  balow  U tnnnpolla,  >ea  J.  A.  Dodfta,  Ttaith 
iia,  UN,  p.307.    TiMaaanalysaareglvea  In  Iba  first  aditloa 

„,.Ti>I.l,lWi,p.S0>>clla9aiioialmiMrlecttiia]ytMeftliaUlsl>- 

•hpl  and  lilaouri  naar  St.  Lmils.  Iowa  Oeol.  Survey,  vol.  fl,  iSM,  p.  3£,  ooatalm  otbtr  analysa  ol 
IDnlBlDpi  waUr,andaliaorHiaourl,C«dar,  Das  Motnai,  Coon,  Bayer,  Wapalplnlorn,  Skunk. Cbarltoii, 
Ofand,  Hodamy,  and  Wtat  Nlahn^wtna  rl  vva.  Thtaa  too  arc  iDoomplala.  Toe  tarly  wialysn  ol  Ulssla- 
rippi  wabr  by  Avaquin  and  by  Jonas  are  ol  no  valoe  lor  preunt  pumosia.    Partial  analysee.  ooncalulng 

aomaosaAil  data.arartvan Id  RaporioruieMwanand  water  boud.Mev  Orl '"™    "" <— — 

tbalDwK  IflKlialppi  near  New  Orlnns. 


V  Orleans,  1D03.    TIUM  rauita  to 


This  table  tells  a  definite  story.    The  upper  Mississippi  is  low  in 
sulphates  and  chlorides,  which  tend  to  accumulate  in  the  lowex 
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stream.  The  chlorides  come  in  part  from  human  contaminataon,  a 
subject  to  be  considered  later;  but  more  largely,  together  with  sul- 
phates, from  western  tributaries,  notably  &om  the  Missouri.  At 
New  Orleans,  also,  there  is  probably  some  "cyclic  sodium"  brought 
in  rainfall  from  the  Gulf  of  Mexico.  On  the  whole,  carbonates  pre- 
dominate in  the  Mississippi  water,  with  all  else  subordinate. 

The  next  table  gives  analyses  of  waters  tributary  to  the  upper 
Mississippi  within  the  States  of  Minnesota  and  Wisconsin.' 

Artalygei  ofvtalen  trt&uforjr  to  tipper  MUnirippi  River. 

A.  Lake  Ulnnstonka.    A11SI71I3  by  W.  A.  Noycs,  aeoloKy  of  UlinuiKitB,  vol.  2, 1888,  p.  III. 

B.  UnH  Lhs  Lake.    Aiulyals  by  J.  A.  Dodge,  Ueology  a[  Ubmaota,  TOl.  4,  ISW,  p.  38. 

C.  BigstODS  Lake.  ADBly^  b7  C  ¥.  aldaaer,  TUiteeoUi  Ann.  Sept.  Oeol.  Nat.  Hist.  Bamy  Un^ 
w>la,  IS84,  p.  W.    EmpIlM  Into  HtuMaol*  RlW. 

D.  Henio  Ukt.  Anal^sb  by  Hayte,  ElevcDth  Ann.  Rtpt.  OeoL  Hat.  HIH.  Surrs;  UnniHta,,  ISS^ 
p.  m.    Empties  Into  Die  Udnes  River. 

E.  Rock  Blier  at  Luroiu,  Ulnoesota.  A  tclbntai?  ol  Sloni  BJtct.  Analfsls  by  Nora,  Oeolagr  of 
lOiUUaota,  TOL  1, 1884,  p.  UO. 

F.  UimMoU  Rlva  at  SbakopM,  MlntuBota.  Uean  snalrilt  of  to  eanqMelte  MUi^lta  tak«i  betw<«i 
Smtmnber  II,  ISM,  and  Ootober  I,  ISOT.  W.  U.  Ban,  H.  S.  SpauldJng,  W.  Van  Wlnkla,  R.  B.  D<^ 
C.  Palmer,  and  W.  D.  ColUns,  analTste.   Alkali  dettcmJoatloDS  as  conectad  by  Palmer. 

O.  ClitppewB  Blvar  nwr  Eau  Claln,  Wlscvuio.  Mtaa  of  U  imipiialtei,  Ssptembw  U,  ISM,  to  B9- 
tmbirl2, 1«T.   BaiT,BpuildlDe,  and  Van  Winkle,  analysts. 

B.  Wlscoosln  River  near  Portage,  fflnxsislD.  Utan  ot  34  compcetta,  B<tttaDber  11,  IDOt,  (aUiylT, 
1907.    Banw  analyits  u  under  Q. 

Analyses  F,  O,  H  ai«  teeBlculated  from  the  Sgons  glT4D  by  Dide  la  Watir.8iipply  P^xr  IM. 


A 

B 

c 

D 

K 

P 

0 

H 

58.81 

59.03 

.88 
.59 

20.13 
34.36 
1.66 

42.65 
18.62 
1.14 
1.39 
20.71 
8.00 
2.94 
1.32 
2.61 

47.94 
8.64 
.44 

'20.  hi' 

7.43 

3.31 
.61 
7.65 
3.21 
.36 

31.59 
31.26 
1.02 
.43 
17.81 
7.G1 
4.12 
1.15 
4.99 
.02 

30.49 

18.09 
1.42 
.78 
16,80 
6.07 
no.  46 

15.60 
.39 

a!' 

.72 

25.52 
7.23 
1.03 
2.32 

4.37 

16.25 
10.71 
6.68 
2.24^ 
2.97 
1.65 

8.00 
8.61 
6.69 
1.01 
19.26 
.29 

nI 

J8.B 
14. 3S 

KOi 

"Si..':r..r 

100.00 
110 

100.00 
144 

100.00 
554 

100.00 
272 

100.00 
275 

100.00 
480 

[00.00 
90 

100.00 

,  Google 
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The  following  table  gives  analysefi  of  waters  tributary  to  the  Mis- 
sJaaippi  in  Illinois  and  Iowa: 


Atudytu  (^tributaria  v 


lUmoit  and  Imea. 

iples  lakMi  batiTMU  Ansoft  I, 


A.  RoAKinriuuBlvUiiiiIUbicl^    Unn  snalTiIi  of  3t  oompoalte  i 
Uea,  iDd  Jul;  ai,  lOT.    W.  D.  C<<liiu,  ualjrn.    CoUtaii  itao  dTM  a  ibnuu  iiniiui  >TKK*  ■(«  uu  nnr 
•tRocUart. 

B.  nUnoig  Btrv  Dnr  Zan^nfUa,  DUinli.    Unii  dI  M  caniKialM,  Aupiit  1,  1908,  to  July  U,  lOT. 
CcfliiB,  nalrit.    Ha  alto  glva  ilmUu  aittlTMi  tot  tba  ilnriMar  Lialteuid  Paaris. 

CEMkBkMRIwMCulyla,  Illinois.    UnnolMocoipodUa,  Aogoit  1,  IHM,  to  JntySl.inT.    CoUtei, 
an^st.    A  ihnOu  avcnc*  b  glTga  for  tta*  ilnr  nflu  BbalbTrlUa. 

D.  Cadar  Rtnr  near  Cadar  Rapldl,  Ion.    lEaui  oC  37  compMlM,  S^itambtr  6,  IWt,  to  8vl«Db>  IT, 
U07.    W.  ILBaiT,  H.  8.  SpwihUnciodW.  VinWInkle,  uuljiu. 

E.  Iowa  KlT«r  at  Ion  Ctt;,  lows.    Umd  oI  SS  canpoaltes,  Septambei  S,  ISM,  to  Saptambs  M,  ItCH. 
Sune  HUlysts  as  oadtr  D. 

F.  Dm  >£olDa  River  at  Keoaaoqua,  Ion.    Uaan  of  M  campcBlUa,  B^Iambv  ID,  IVX,  to  Bi|itamb«i  », 
UOT.    Buna  analysis  aa  luular  D. 

Analysn  A,  B,aadC  an  ncalcukted  fnxn  Uia  Scuna  glno  b]!  CoUlnaln  Watar-Siqitilj  ¥mpttm\  Xbm 
aO^rt  an  from  Dtde,  WaUr-Su^f  Fapar  ZML 
CqUIdi  abo  [Ivaa  aoonl  avenea  foi  Uu  oompiBlUai  ol  Uia  watsi  of  Kankakia,  Fu,  VtniUlko, 
kCuddT,  KmbuiMg,IJtUaWabMta,aDdCactiarivfn.    In  all,  10  rlnn  *«•  atodlad,  Indudlni 


A 

B 

C 

r> 

K 

7 

48.66 
9.34 
2.06 
l.« 
18.30 
10.09 

5.60 

.16 

38.42 
16.30 
6.82 
1.67 
18.24 
7.76 

4.66 
'.16 

42.13 
13.64 

2.77 
1.02 
18,86 
8.02 

6.84 
.20 

44.80 
13.08 
1.48 
1.36 
20.91 
6.97 
1    6.23 

6.10 

.08 

43.17 
14.70 
1.47 
1.15 
20.00 
6.04 

7.76 

.14 

eol 

o^' 

Nai^v:::::::;:::::::::;:::;: 

}    '■" 

K 

^X' ■; 

SaHnity,  poztopermimeia 

100.00 
267 

100.00 

267 

100.00 
248 

100.00 
228 

100.00 
247 

100.00 
312 

,  Google 
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In  the  following  table  I  give  analyses  of  waters  which  reach  the 
Mississippi  from  the  eastward  by  way  of  t^e  Ohio.'  For  th«  Ohio 
itself  I  have  found  no  satisfactory  data. 

Analyse*  ^fwattn  tributary  to  Ohio  River. 

A.  AUtghenyRlrarrtKltfauiBliig,  P<mMyl*«nl>.  M(ui*DalyilioI3acompcBltaBunpleal>lcnlMtii«ta 
S^Iamber  13,  leoS,  and  BepMmbcr  10, 1907.    R.  B.  Dd«,  U.  0.  Boberta,  and  C.  FaJmei,  analTsM. 

B.  Uonfoealiela  RIt« at  Elinbath,  Vtaatfivtalh.  Uma  ol37 tiompalua,  KagaltQS,  IKtt.  to  Sq>taii- 
bcr2, 1907,  Same  uuljsts  as  undar  A.  DoleabogiTOaawiiiLalaTnAgvIotUiecompcsltiniDfYinsbia- 
gbmjwtUir. 

C.  Uiuldngum  Klvsr  aC  KannvfOs,  Ohio,  llian  of  27  composIUa,  SepMnilMi  3,  Im,  to  B^tamtMC  U, 
1907.   Bamsansl^sls  wundu  A. 

D.  Ulaml  Itlvai  at  Dayton,  Ohio.  Ueaa  ol  34  coniKeita,  acptcmlier  IS,  1900,  to  S^lombw  17, 1901. 
Dole,  Roberts,  Palmer,  and  CoUiiUi  uialysbi. 

E.  East  Fork  of  Whlta  Rlvei  neai  Alalia,  ludlaaa.  Utan  of  S7  compsBlUs,  Beptsnbar  12,  UXH,  to 
Oct<A«  3, 1907.    Bair,  Spauldlng,  Van  Winkle,  Oola,  Fabner,  tai  Collini,  analyita. 

F.  Wat  Fork  a[  WtJtc  Rlrer  iu(tT  lodlan^xiliB,  Indlaoo.  U«n  of  35  compcelus,  S^lambs  B,  1901, 
to  a«ptemb«r  12,  1907,    Bair,  Gpauldlng,  and  Van  Winkle,  aaalTsta, 

0,  Webosh  River  at  Vfocemice,  Indiana.  Uean  of  31  oomposlles,  September  9, 1900,  to  BsptamlMr  IS, 
ltH)7,    Same  analysta  as  under  F. 

B,  Kentucky  River  at  FranldDit,  Kentock]',  UeanofSScompoelteg,  AnguitZS,  ieos,toS^t«mber4, 
ItM7,    Same  anaijate  as  under  D. 

1,  Cwnberland  River  at  Kuttava,  Kentucky.  Ifean  ot  3t  compoeiica,  January  11, 1907,  to  January  II, 
1V08,    Etbos,  Dole,  Palmer,  and  Colliua,  analyala.    Another  aTara^isflven  for  the  veter  near  Nashvllla, 

J.  TamMaeeeRtreinear  OObartevIlle,  Kaitocky,  Uean  ot  33  compnltee,  October  21,  ]»aS  to  OotoUr 
21, 1908.  Van  Winkle,  Dole,  Palmet,  and  Coillna,  analysts.  Another  average  la  given  for  the  waUt  at 
Enocvllle,  TeaneBsee. 

in  the  flgurtB  given  by  Dole  In  WB»er.flupply  P^kt 


Of  Palmer 

A 

B 

c 

D 

X 

21.51 

19.56 

.  16. 10 

.82 

16.10 

3.46 

11.04 

2.09 

9.09 

.24 

11.47 

42.62 
4.12 
2.32 

15.47 
2.S4 
8.12 
1,42 

10,82 
.90 

24.71 
18,36 
17.07 
.69 
18.36 
4.06 
9.39 
1.2S 
6.98 
.10 

43.64 
13.88 
1.42 

2,98 
20.46 
8.33 
2.49 

!08 

47.85 
10.58 
1.10 
1.97 
21.51 
8.11 
2.76 
.77 
5.29 
.07 

Ca    

Na :'::' :  ■; 

100.00 

87 

100.00 
81 

100.00 
244 

100,00 
289 

100.00 
279 

P 

" 

H 

I 

J 

CXJ, 

31.76 
12.88 
17.32 

1.36 
16,44 

6.44 
1  10.66 

3.10 

.04 

34.09 
16,57 
10,84 

1.93 
18.37 

6.63 
1    7.56 

3.92 
.09 

38.61 
8.32 
2.01 
2.51 

21.06 
3.71 
5,82 
1.41 

16.05 
.60 

40.67 
7,86 
2.43 
1.46 

22.67 
3.48 
4.29 
2.34 

14.69 
.32 

ia74 

2.93 

NO. 

18.66 
4.00 
6.06 
2.83 

Ns: 

SiO. 

.68 

100,00 
450 

100.00 
336 

100.00 
101 

100.00 
124 

100.00 
101 

irwatn  Iran  th*  Combailuid  bj  N.T. 
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For  the  largest  tributBry  of  the  Mississippi — the  Missouri — eeTeral 
analyses  are  available.  They  are  given  in  the  foUowing  table,  together 
with  analyses  of  its  affluents.' 

Analgiei  o/ vaUr  from  Uittovri  River  and  tr^ntUirie*. 

i..  HtaKNui  Blvar  max  FlarsKs,  Nsbiuka.  Umn  uulyali  of  K  compoalCe  samplM  taken  betWMD 
Octab«l,]MS,aiid  October  11,1907.    But,  Bpaulding,  Van  Winkle,  DoI«,  Palmer,  and  CoUlni.uulysta. 

B.  HIOBmul  River  nmr  Euis»  City,  Ulasouil.  Veen  of  3S  oomposlta,  October  1,  IMS,  to  Ootober  31, 
1007.    Same  snalyata  as  undai  A. 

C.  UlsomilllTer near  Ruegs,  UlBSoarL  KMnofMoompogJIeBiS^leinbeiM,  190S,ti)  OotobwB,  1907. 
Same  attalysti  aa  under  A. 

D.  North  Platte  Klrer  al  Nortb  Platte,  Netnwbi.  Uean  of  20  oampoaltee,  September  10, 1006,  to  June 
30, 1007.    Ban-,  Spouldlng,  and  Van  Winkle,  analyrts. 

E.  PlalteRfveratFTemotil,  Nebraska.  Hean  o[  33  composltu,  Octobw  10,  lOOt.lo  November  3, 1907. 
Barr,  Van  Winkle,  Dole,  Palmer,  and  Collbu,  analyate.  Anoilier  series  of  analyses  of  the  water  at 
ColumbiB  ia  also  glTCO.  Aa  aoalyilaof  the  Platte  at  Qreeley,  Colorado,  la  given  on  p.  01,  ante,  together 
wtthaomeollta  Irlbntary,  Cacbe  la  Foodre  River. 

F.  LarBiuIe  River  20  mllea  above  Laramie,  Wyoming,  Average  of  three  analyeee  by  S.  £.  Sloeaini, 
Bnll.  Wyoming  Eiper.  Sta.  No.  M,  18M. 

O.  Laramie  River  SO  mllea  below  Laramie.  Analyals  by  £.  E.  Blomm,  loc.  cit.  Sloason  also  gtrei 
analyasB  ol  Popo  Agleand  Little  Oooeecreeki.  Another  analysis  of  the  Laramie  ia  prtntad  In  fifth  R^t. 
Bur.  Soils,  U.  3.  Depl.  Agr.,  19(3. 

H.  YeUowstone Leke.  AnalyBlaby  f.E.  WhItfle]d,Bnll,U.B.Ott)I.Burvey  Na.t7,13Sg.  Thla  bulletin 
also  gtvM  analyses  ol  FIrdiole  and  Oardluer  rivers. 

Analyses  A  to  E  are  recalculated  from  Dole's  Water-fiopply  Paper  2X,  with  potaa  '        ' 
by  Palmer. 


A 

B 

c 

S 

B 

' 

o 

H 

CO,                    .... 

22.42 
37.69 
1.99 

.40 
14.68 
4.48 
9.64 
1.70 

24.23 
32.74 
3.15 
.64 
15,04 
4.37 
9.22 
1.60 

26.63 

30,44 

3,52 

.85 

15.22 
4,68 
9.07 
1.90 

24.13 

32.77 
3.16 
.53 
15.05 
4.37 
no.  68 

29.43 

22.18 
2.18 
.33 

15.80 
3.67 
8.06 
2.42 

27,35 
11.16 
3,11 

19,59 

37.48 
6.32 

20  93 

13.75 
2.46 
7,34 
.85 

15.07 
5.10 
8.82 
1.96 

n! 

6.95 

8.97 

8.49 

8.98 

15.80 

31.73 

4.64 

.15 

.24 

.20 

.34 

.13 

Salinity,    parts    per 

100.00 
464 

100.00 
426 

100.00 
346 

100.00 
426 

100,00 

302 

loaoo 

212 

100.00 
429 

100.00 

In  all  but  three  of  these  waters  sulphates  predominate  over  car- 
bonates, and  calcium  is  lees  conspicuous  than  in  the  analyses  preceding 
this  group.  The  high  silica  of  the  Yellowstone  Lake  and  the  upper 
Laramie  is  also  noticeable. 


I  Two  analyns  of  water  trom  the  Ulssourl,  not  nsei 
Another  malyals  by  F.  W.  Tnq>hagenlseited  In  £.  V 
toaotnanud. 
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For  one  other  tribut&ry  of  the  Missouii  a  particularly  interesting 
group  of  analyaes  is  at  hand.  Kansas  or  £aw  River,  with  its  cbiei 
affluents,  has  been  studied  by  E.  H.  S.  Bailey  and  his  aasistante/ 
whose  d&ta,  reduced  as  usual,  are  given  in  the  next  table.  The  locali- 
ties mentioned  are  all  in  the  State  of  Kansas,  and  the  arrangement  of 
the  streams  is  from  tiie  west,  eastward. 

Analj/Mt  qfviaUr /ram  Eatua$  Rtver  and  iti  bibutatitt. 

A.  BmAf  HIU  SlW  ■!  LIndsborg.  Uean  of  28  uul^ns  oC  campostto  mnplM  of  nitar  tiktn  batWMD 
NoTcmber  37,  IMS,  and  Novsutier  2S,  1907.    F.  W.  Biutumg  and  A.  I.  W«lUi,  uialTiti. 

6.  SoUd*  RIvo'  at  Bjlvta  Orove.   Uean  ot  3t  compodtc  mnplel  takm  b< 
■Od  NovanlMC  20, 1907.     Amlyaea  by  BustKOg, 

C.  Solomon  Klvei  bC  Belolt.    Vmn  ol  31  composite  BUnplcs  takift  bMwMa 
oambvB,  IWT.    Biubongand  Wsltb,  aual^M, 

D.  RepnUloaa  Rtver  at  Junction.  Unn  ol  Ji  composlta  sunplea  Ukoi  bvtwtsi  November  X,  MOB, 
and  SspUmbtr  10, 1907.    Busbong  and  Wglth,  uiHlrsta. 

E.  Bis  Bleu  BItv  Bl  Uaahattan.  Ueaaol  31  compoalta aamplH  talun  betTMm  Dacembai  lB,ina,ad 
Deconbtf  20, 1(107.   Bnaboug  and  Waltti,  aiulyats. 

F.  Delawara  Rlrer  at  Farry  and  VaUey  FiUi.  U«n  ol  ZT  oompastta  nmplat  tikin  batwMo  Jmmay 
4  and  November  29, 1S07.    Boslunguid  We!tti,aiul;sls. 

0.  Kansas  Rive'  at  Bolllday.  Umd  of  72  composite  samples  taken  batirean  December  29,  IKM,  and 
nacambtr  31,  ISOS.  Two  yean'  averaga.  Anatj'ses  by  T,  W.  Bosboog,  A.  J.  ffetth,  and  W.  L.  SIppy. 
Analyses  ol  several  other  trUmCaite  ol  ttie  Kansas  an  also  gtveo  In  tlia  p^iai. 


A 

B 

e 

D 

B 

r 

0 

14.40 

26.87 

21.61 

.21 

12-93 

2.41 
18.26 

3.18 
.13 

6.02 
18.26 
38.67 
.03 
5.03 
1.98 
28-97 
1.07 
.07 

26.17 
19.60 
12.09 

.64 
16.81 
2.89 
16.52 
6.32 
.36 

34.36 
12.66 

7.11 
.71 
16.35 
3.32 
13.60 
11.38 
.71 

36.53 
12.32 

6.89 

.64 

18.74 

3.92 
12.32 

9.62 

1.12 

39.47 
12.17 
3.86 
1.07 

20.78 
4.76 
9.79 
6.82 
1.30 

BoT":.':!'.'.".::;:.:.: 

ci    :      .      .  ..  . 

Cft!'";::::::":::::::::::::: 

F^^::::::::::::^'^:'^:'.'^: 

LOO.  00 

100.00 

100.00 

100.00 

loaoo 

100.00 

100.00 

Salinity,  parts  per  million. . . 

882 

2,624 

654 

422 

357 

337 

403 

The  two  westernmost  of  these  streams  flow  from  a  relatively  arid 
region  and  are  characterized  by  high  salinity.  They  are  pecidiarly 
poor  in  carbonates  but  rich  in  sodium  and  chlorine,  conditions  whidi 
may  he  correlated  with  the  great  abundance  of  Bait  in  Kansas.  In 
the  Solomon  River  carbonates  b(^  to  predominate;  and  in  tiie 
easternmost  rivers  of  the  group  there  is  a  close  approximation  in 
chemical  character  to  some  streams  of  the  Atlantic  slope.  Kansas 
River  itself  represents  a  blending  of  all  the  waters  which  flow  into  it.* 

1 V.  8.  0«oI.  Soirey  Water-supply  Paper  No.  173, 1911.  Some  earlier  analyMe  by  Ball^  and  FnnkM 
ar«clt«dla  the  prerlou*  editions  o[  tbli  work. 

■  Partial  analyses  a[  about  M  stiauiu  In  OUabomB  may  be  lowid  In  Water^Supidy  Paper  TJ.  8.  Oeol. 
Survey  No.  Its,  IWi.  A  paper  by  J.  H.  Norton  on  tbe  drainage  ol  Blchlaod  Creek,  Arkansas,  appeved 
In  lour.  Am.  Cham.  Soc.,  vol.  30, 1908,  p.  IIM.  An  analjiii  ol  wal«  irom  the  WakaroB  Blver  li  sited  In 
tbe  *eoo»d  edlUon  ot  tbb  mck. 
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Two  anolyBee  of  mtor  from  Arkansas  Rtrer  have  Blready  been 
oited,  and  need  not  be  repeated  here.  Other  analyses  of  this  river 
And  its  tributaries,  togetjiier  wiUi  Osage  and  Red  riveis  will  end 
this  SDiiuuaiT'  of  the  Miasiseippi  Basin.* 

AwU^iet  of  waUTfrom  tht  ArhantoM  amd  olher  riven. 


B.AilaoiuBtT(lBtI>a«fl«lil,Euna.    Umii 
ntt,tatiJ>aami1)m%im.   Bnalicnt  and  Walth,  mat  jilt. 

C.  Alk^MeBfWQMratMtBnl,  Euna.    It. 
M,ttOt.  mi  I>imiim  7,1)01.    Bustuoc  ud  Welth,  oudyMB. 

D.  AikniMBtTtfMAA»MCIt7,Euiw.    If  - 
7,  UOt,  ud  Daemlm  10, 1MI7.    Bndiait  lud  WbIOi,  mtlTiU. 

>.  A/fctMMlUT«rMLtttkB4Mk,  Aiknmi,  Hmd  of  13  DompoalU  nmplai  Ukn  batwaai  NormlM 
1,  Uaa,MdOetobsH,  1W7'  Bar,Bpraldtns,VuiWbikU,D(da,F>lnis,KidCoillDi,KMil7M.  lUcal- 
enlaUd  fim  WaM-SOFplr  Pap*  No.  BO. 

F.  CliBwmi  Blrir  at  Kutfnrood,  ^"— ■  Itaan  of  10  oompostte  aamplea  takw  batwMO  Novvntw 
U,  IMS,  and  Nntmbs  30, 1107.    Bustuoc  and  Walth,  aiBlTata.   A  tribnUir  ol  ' 

G.  NaoAa  Bha  at  Xinpvla,  Kanv*.    Htaii  of  39  oompiMlw  amplea  takn  batwta 
^  DacomlMr  E,  1*07.   Ba^a^  and  Wtlth,  anilrita.    A  trlbntarr  at  tha  Aikaoaui.    An  wiUcr,  itn^ 
^■Ijsb  o(  Naiahp  waWr  by  C.  F.  OostBTBin  apfxan  to  Vtnm  Vniw.  SeL  Bull.,  Td.  3,  p.  lU,  IMO. 

H.  B«l  Btm  naar  abrerqiait,  LonldaD*.  HMa  of  M  oompoalM  nmpUa  nkn  batwaai  Hard)  », 
IMH,  nd  Hardi  IS,  IMS.  Dol«,  Palmv,  (kOlni,  and  Erant,  aiiBlnt*.  RMalmWad  ftam  WM«^Snp]i)7 
P9«r>M,wtUiUI«  alkali  daUfinfaiaUooib;  Palmer.  All  tiuaa  analjaca  aioipt  K  and  H  an  tikai  froM 
WattrA^r  Papar  No.  371.  In  thii  pap«r  Uura  are  alio  analyiM  ot  thg  UannaUn,  Watamc,  Uadloiiia 
_  _     .  .^  vvdlpla.  Fall,  Cathmmod,  and  Bprfn^  rinn,  with  »  ' 


A 

B 

C 

D 

s 

T 

a 

H 

c<v 

37.20 

7.66 

0.05 

12.33 

11.80 

11.42 

30.02 

18.01 

bo; 

12.31 

64.70 

47.10 

10.18 

16.19 

11,87 

10.61 

26.65 

Cl 

3.41 

4.77 

8.72 

20.03 

33.17 

37.66 

2.26 

22.16 

MO, 

L20 

.21 

.17 

.IS 

.33 

.13 

LOO 

.07 

0. 

22.00 

12.31 

13.13 

9.44 

8.00 

6.93 

20.60 

13.66 

Hi 

4.10 

4.11 

3.62 

2.3S 

2.13 

2.67 

4.06 

3.12 

Sf... 

E     . 

)..» 

114.24 

114.71 

124.16 

123.63 

126.91 

p.» 

16.74 
.91 

I&. 

S.20 

L02 

2.46 

3.08 

4.67 

2.87 

13.77 

6.49 

1.06 

.19 

.16 

.23 

.20 

.16 

.81 

.20 

too.  00 

toaoo 

LOO.  00 

100.00 

100.00 

loaoo 

100.00 

100.00 

a.IiMty,    parta   per 

million 

203 

1,610 

1,136 

1,006 

630 

1,323 

320 

661 

n  tlM  AAaaaaa  aio  giviD  In  Ano.  B^t.  AitaMit  a«aL 


«270'-^iiU.  816—18 6 
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80UTHWBSTBBH  BIVBBB. 


A  few  of  the  riTera  of  the  Bouthwestem  United  States  have  been 
studied  with  much  care.  The  following  analyses  represent  this 
group.' 

Analyte*  of  water  from  tottthwettern  rivett. 

A.  BraiM  Rim  al  Wwn,  Tena.  IfcBn  uulysla  o[  30  oomposIM  lampla  tak«n  butwmi  Daombir 
14,  IDOS,  and  Novamba-  19,  1907.  But,  Bpeuldbig,  Van  WlnUs,  Dola,  Fabna-,  ftnd  CoUlm,  uttlyML 
RacsloalaMd  (ram  Watn-Suppl;  Paper  33S,  irltb  latar  alkali  detennlnaUaiia  by  Fataner. 

B.  ColraadoBlTV  or  ToiBs,  at  Austin.  Uaan  of  36  campoaKa,  Aogoat  1,  IKK,  io  JoV  37,  UOS.  V.H. 
EaUvnan,  analjat,  WaUrSapply  Pap<r  2S8. 

C.  Bio  Onnda  at  Laredo,  Traag.   Heaa  of  noompcalta.AiigBatl.lWG,  to  Angdrt  3,1905.   Htdkmwi, 

D.  Rh)  Orands  at  UasDIa,  Nsw  Meiloo.  Avvaea  oompoaltlDn  lot  an  antln  ytm,  iaat,  UU,  to  Inn*, 
19M.  Anal;NM  br  Aitliiii  Oora,  Boll.  Nsw  Usdoo  Agr.  Expo.  8ta.  No.  M,  1900.  This  InlMbi  abo 
contains  analyseB  of  vator  from  Animas  Bim,  Santa  F«  RtW,  and  Bio  Bontto. 

E.  PecoBRtrar,  NawKBilcD.    Avtnge  of  ili  Hmpki  tnalriad  by  Omi,  loe.  ett. 

P.  Colorada  Rlw  at  Yuma,  Arliona.  ATerage  al  sarem  oompoalta  lasqiln,  ooytrinc  oolleBllani  mada 
batwcen  Januai?  10,  1900,  and  January  24, 1901,  AnalyMd  by  R.  B.  Poibca  and  W.  W,  SUima',  BnlL 
Qnir.  Arkona  Agr.  Ecpfr.  Sta.  No.  U,  1902.    Ttia  avenge  composition  of  tb*  water  daring  a  year. 

a.  QQa  Blrer  at  liaad  ol  Florenoe  canal,  beloir  Tb*  Buttes,  ArJiona.  Average  of  foui  analym  by 
Forbes  and  Sklniicr  raprcenntlng  twenty.oao  weakly  composlta.  Bampln  taken  betweau  Norambet 
3S,  ISM,  and  November  G,  1900. 

E.  Bait  RIvfc  at  Hem,  Ailiona.  Average  of  sli  anaiysea  ooverlng  lorty  weekly  compoattea  at  wat<i 
taken  between  Ai^nit  1, 1899,  and  August  4, 1900,  Anaiysea  by  Foibca  and  SUnncr,  loo.  dc.  BaltRtvs 
and  the  Olla  an  tributaries  ol  the  Colorado.  Foibee  and  BklnQB  report  tbeb  sllltia  as  the  liUnita  raditde 
StOi.    Thla  la  reduced  to  BIOi  In  the  table. 


A 

B 

c 

D 

E 

F 

a 

H 

7.09 
26.49 
30.87 
.20 
11.06 
1.74 
20.83 
.67 
2.01 

28.60 
12.48 

17.52 

11.65 
30.10 
21.66 

17.28 
31.33 

13.55 

1.64 
43.73 

22.56 

13.02 

28.61 
19.  B2 

12.10 
16.07 
29.78 

mv' ''■■■'■' '-'■'■'-- ■'■ 

^*:'v:::::.'.'.':::.'. 

16.46 
6.14 

13.07 
1.60 
S.32 

13.73 
3.03 

14.78 
.85 
3.83 

}.« 

14.78 
2.05 

14.43 
1.95 

13.43 
3.62 
14.02 

.77 

.33 

10.36 

3.14 
19.75 
2.17 
3.04 

8.03 
2.62 
24.53 
2.31 
4.68 

Uf :;:::::::::::::;: 

K     

.04 

SftUnity,    parte    per 

100.00 
1,136 

100.00 
321 

100.00 
791 

100.00 

399 

100.00 

2,384 

100.00 
702 

100.00 
1,023 

100.00 

These  waters  are  characterized,  as  ia  evident  on  inspection  of  \ha 
table,  by  high  salinity,  the  predominance  of  alkaUne  sulphates  and 
chlorides,  and  a  deficiency  of  carbonates  and  of  lime.  From  figures 
given  by  Forbes  I  have  computed  that  the  Colorado  carries  to  the 
Qulf  of  California  annually,  in  solution,  13,416,400  metric  tons  of 
salts,  or  about  59.6  metric  tons  from  each  square  mile  of  its  basin. 

'  An  aoolyils  of  Rio  Orasde  water  by  O.  Loew  la  given  in  Rept  U.  S,  Gec«.  Surveya  W,  lOOCh  Her., 
vol.  3,  IB7{,  p.  £78.  In  the  annual  report  of  the  same  Survey  fot  \XK  liont  gives  on  analysts  of  wata  from 
Virgin  RIvH-,  a  tributary  of  the  Colorada.  For  twv  analyses  of  Ibe  Feoos  see  B.  8.  TOson,  fiuU.  OeoL 
Survey  Texas  No.  2, 1910.  Analyses  of  Rla  Grande  water  by  Fnysaod  TUaonanelted  In  Cknlaita!, 
OSoe  Eipar.  Sto.,  U.  8.  Dtpt.  Agr.,  1911. 
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BZVXBS  OF  CALZFOBNIA. 


For  the  river  waters  of  California  the  data  are  now  very  ahundant, 
but  only  a  small  part  of  them  can  he  utilized  here.  A  number  of 
indiyidual  analyses  are  to  he  found  in  the  former  editions  of  this 
book;^  the  following  table  is  recalculated  from  the  figures  reported 
by  W.  Van  Winkle  and  F.  M.  Eaton  in  Water-Supply  Paper  237, 
1910.  In  that  paper  the  averse  composition  of  a  river  water  is 
ascertained  by  many  analyses  of  composite  samples,  representing 
daily  collections,  as  was  done  in  the  investigations  under  Dole  and 
G}Ilinfi  which  have  already  been  freely  dted.  The  composition  of 
each  water  is  thus  determined  for  a  su^ciently  long  time  to  give  the 
figures  real  significance  in  geochemical  research.  Van  Winkle  and 
Eaton,  by  Has  general  method,  studied  37  rivers  of  California. 
An^ut  of  water  Jnun  riven  of  Oligemia. 

A.  Rmdaa  Rtrtr  Mai  TTUab.  Ifean  analjlb  of  Vt  oompoatts  sunpla  Uk«Q  batmaa  Deoamber  Si, 
isai,  and  Dnonbar  3i,  IMS. 

B.  SatmnaDlo  Btaw  aliov*  Saownmlo.  Umd  ot  two  aaiica  of  uulyxs  oava^ig  tfa>  r«aii  3im  sitd 
4008.  Patantom  was  upanUl;  <l«t«cmlDad  during  tba  flrat  baU  of  IMS,  and  tlia  mat  la  true  of  total 
FmOi-I-AIiOi.  toMcafculattnK,  thaw  ijattrmtoatloaa  aw  awumwl  tn  In  Mr  aTtinew.  VanWfnUeaod 
Eaton  also  sl*a  •mmal  aTKagn  loT  F«Mlw,  YQba,  and  Amarlnn  ilTai  and  Cwha  Cmk,  all  tr 


San  loMtuhi  Rtra  at  LaUtrop.   Uaanoltwouriea,  Itoeand  lfl(»,nBalailatcdasln  thaoaasofthc 

>.    Hhnn«r  avTKpM  tor  nnn  TMTiirlaM  ml  iftvn  tor  tli«  trlhnlMy  rlTMMfilwInmn^  flt«iil«l«in, 
Uvoed,  and  K«rn. 

.  SaUnaaHtTOratrasoBobles.   HiatiotSQMmpotltaatakenlniaM.   From  about  Jul/ IS  to  Oototxc 
t  Ttvsr  bed  was  dry.    Data  are  glvBO  tor  Mverol  tributailn  of  the  Balinaa. 

.  Santa  Uaila  Rfrer  2(1  mfln  above  Benta  Maria.    Mean  of  3S  compcslteB  oova±ig  the  jtar  UXM.    E 
total  BtOi  we  onl^  datennined  during  the  first  half  ;ear. 

.  Banta  Yds  Btver  at  Santa  Barbara.    Utan  of  3S  compaslteg  oovving  tba  jfi  ISM.    K  and  ItiOi 
llrat  half  year  only. 

Bon  OalxW  Rlvtr  near  RIvtra.   Wean  of  37  composltea  oorering  the  year  1908.    *""""t  awig* 
ran  tor  the  river  at  Amsa- 

Banta  Ana  River  above  Mentone.    Uean  of  two  sarin,  IMS  and  VMt.    E  and  R 
ig  the  lint  half  of  UXXk   Anotlur  annual  avnage  la  gtvan  tor  the  river  near  Cocona. 


A 

B 

C 

D 

E 

r 

o 

H 

39.07 
10.81 
4.70 

.77 

14.61 

7.62 

UO.  17 

30.14 

12.21 
6.79 
.48 

11.45 
5.59 
9.78 
1.68 

19.12 
3.35 
.41 

18.43 
17.41 
20.62 
.54 
10.13 
4.82 
16.81 
1.08 
9.38 
1.56 
.22 

30.66 

21,35 
8.B9 
.16 
13.21 
6.17 
112.99 

^'6.'82' 

5.82 

68.35 
4.89 

19.33 

42.58 
3.71 

40.64 
12.62 

3.22 

.73 

21.01 

4.69 

}.':". 

8.79 

'.'6a 

8o!;:.'.'.v.v.::::.:... 

14.07 
6.19 
8.94 
.37 
1.12 
.24 
.01 

14.  S8 
6.68 
8.10 
.61 
3.66 
.53 
.02 

12.07 

ALd:::::::::::::::: 

F^oV     

.18 

"Sn.^..^ 

100.00 

145 

100.00 

118.5 

100.00 
183 

100.00 

448 

100.00 

2,412 

100.00 

714 

100.00 
246 

100.00 

■  ClaarLake,aiia1;slibrT.  Prlce,cltedtn  Walo'.Supply  Paper  U.S.  OeoL  Survey  No.  U,  1901.  Feather 
Blvcr,  by  E.  W.  HOgaid,  Bept.  Agr.  Eiper.  Bta.,  Univ.  California,  1S8S-19D1.  San  Lonnio  Blvar,  by 
A.Seidell,  Field  OperatlonaBoi.  Bona,  U.S.  I>ept.Agt.,lWl.  BanCaClaraBlvar,  by  B.E.Braini,nine 
ratavnce  as  the  preceding.  Santa  Ynas  REvcr  and  three  ot  Ita  trlbutarlo,  by  7.  A.  Dodge,  Waterfkipply 
Paper  U.  S.  aeol.  Survey  No.  lie,  IDM.  Othfr  analyata,  by  H.  0.  Zdatv,  appear  In  Uotmlty  of  Call- 
tomla,  B^C  CoQ.  Agrio.,  18B1. 
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THB  COLUMBIA  BZVBB  BASIN. 

Hie  waters  of  Or^oa  and  Washington  have  been  studied  with 
much  Uioroughness  by  W.  Van  Winkle  *  and  a  selection  from  among 
his  abundant  d&ta  is  giren  in  the  foUowiog  tables.  The  Columbia 
and  its  tributariee  come  first. 

Analj/iet  qfvmUrfrom  Columbia  and  Snake  riven. 

A.  Cataunbb  Rfw  >t  Harthpart,  Wubfiwton.    Mtma  of  37  analywg  ol  oompiBlts  Eunpla  ot  irat« 
r;  1,  ino,  and  Junury  31,  ISll. 
it  PiMo,  WadiliiKtaii.    Kmn  of  37  aamp<Blta  EampVa  lakan  b«tw«eo  Fttmtrj  I, 


D.  Soaks  Blw  nor  Wetoer,  Idaho,    Hcan  ol  37  KOipoalls  lamplu  taiaa  betwmn  August  11,  ISIl, 


A 

B 

C                D 

E 

00, 

42.38 

14.12 

.71 

.27 

21.19 

5.53 

\    6.53 

10.24 
.03 

42.81 

laoe 

.84 

.16 

2L40 

5.35 

('■" 

0.16 
.06 

36.15 
1162 

2.82 

.49 

17.87 

4.3S 

a  12 

1.95 

14  62 

.08 

3L02 
16.45 

7.99 

.28 

15.61 

4  52 
10.34 

164 

12.22 

.03 

sS'-'-V.:::::::::::::::::::::::::::: 

ca!;::":::::;:::;:::::::::::::::::::: 

hS 

ia9i 

14  81 

^- 

loaoo 

85 

loaoo 

64 

100.01} 
92.4 

loaoo 

213 

loaoo 

>  Watv-fiupplr  F^cn  V.  B 


i.  Samj  Ng*.  339, 3«3,  IBU. 
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Ana^/ie*  ofwatfffrairi  tnbutant*  to  tkt  Colvmbia. 

F.  ^Kikaoa  Bfnr  It  Spokane,  WastJiicbaL  lUm  ol  36  eoinpc«lt«  mnplM  tttan  brtwn  T^twvarj  1, 
191D,  and  JmatiY  SI,  18U. 

G.  TkUbu  RItw  at  Pnon,  Wnbfiictai.  If  can  ol  37  Mmpodla  nmpin  taken  betwaen  P«l«iur7  1, 
iaiD,>i]d  Jiiiuai731,  ISll. 

H.  Owyhee  Klver  near  Oiryhae,  Oregm.  Hean  of  17  compoelte  —aifflm  taken  betmen  Anfut  II, 
ISII,  ud  Aogost  14,  ini 

I.  Qrand  Ronde  KiTtc  at  Elgtii,  Oncoo.  llean  ot  17  oooqMatte  Mnplea  taken  betmn  Aogiat  II, 
ini,  and  Anput  14, 1911 

J.  Umatflla  Ktnr  near  Umatnia,  Oregon,  lltan  ot  SS  oonqMalU  mnplea  tak4D  betwem  Aocist  11, 
uni,  and  Ai«ait  K,  I9I3.  AnatTeea  we  (tm  br  Van  WlnkleKr  nntphaodlectad  attwootiterpoliiti 
Oto. 

K.  lAn  Taj  Rfnt  at  UeDenald,  Onpn.  Itean  of  S7  wmp«lU  japiplw  tatao  betwam  AofiHt  II, 
1911,  and  Angmt  14, 1911;   Analjiea  are  ghai  tcr  the  waUi  at  Il^TlIle  aba. 

L.  Dcatinitn  RIt*  at Koodr.  Orerm.  lfeaDDta4  oonqxsiteaaaipleataktnlietwMD  AonBtn,  IBll, 
and  Jul;  3S,  1913.   AnalyM  ate  gl-nn  for  the  water  at  Bmu)  alio. 

U.  WOlunette  Rtnr  at  Salem,  Oregon.  IteanoISTocmpcaltamqleetakeobetwMD  ADgnftll,IM1, 
and  August  14,1913. 

Van  WluUa  gha  analyaea,  moit  a[  them  annual  anraga,  (cr  13  other  rlTWe  ( 


F 

a 

H 

r 

I 

E 

L 

« 

36.  M 
14.43 
.64 
.36 
17.18 
6.62 

}'" 

17.19 
.06 

32.30 
17.39 
4.30 
.28 
13.26 
&06 
11169 

16.73 
.11 

31.24 
16.86 

6.89 

.29 

11,78 

2.90 
16.86 

2.08 

14.04 

.08 

saos 
ai2 

L86 
.86 
11.66 
123 
9:00 
2.31 
34.04 
.41 

s,.« 

12.71 
6.18 
.62 
12.71 
3.06 
12.16 
2. 66 
1&T8 
.06 

38:78 
8.61 
L92 
.78 

14.18 
&39 
8.22 
LTO 

la  44 
.07 

3L81 
e.68 
2.38 
.75 
9.66 
&06 

12:60 
2.28 

31.81 
.07 

so! 

0^' 

"!;:::;;:;;::::::::: 

K 

Salinity,    parts    pw 

100.00 
64 

100.00 

121 

100.00 
221 

100.00 
87 

100.00 
181 

LOO.  00 
141 

100.00 
SB 

100.00 

According  to  Van  Winkle  the  Columbia  carried  in  sohition  past 
Cascade  Locks,  in  1910,  21,638,000  abort  tons  of  dissolved  matter, 
and  in  1911-12,  17,000,000  tons.  This,  for  a  drainage  area  of  239,600 
square  milea,  is  equivalent  to  90.3  and  71  tons  per  square  mile;  an 
average  of  80.6,  or  73  metric  tons.'  Similar  estimates  are  given  for 
each  of  the  tributaries. 
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OT^BK  NOBTUWK  STEBN  KIVBIIS. 

Iq  the  next  table  analyses  are  given  of  waters  from  Oregon  and 
Washington,  with  one  from  Alaska.  Except  when  otherwise  Btat«d, 
the  analyses  are  by  W.  Van  Winkle,'  and  represent  annual  averages. 


of  norAuiettern,  vjateri. 

e  anatysis  by  a,  BMgir.    Be[urt«d  by  F,  W,  Clafkn,  loor. 


A.  Yukon  Blw  at  E>(^,  Alaska. 
Am.  Cbon.  Sue.,  toL  IT,  IMIS,  p.  111. 

B.  Skagit  BlTV  at  Stdro  WooUey,  1 
taken  betwtm  Fetnury  1,  ISIO,  and  January  31, 1111. 

C.  Chctaalis  Rivn-  at  CenlraUa,  Waahlngtmi.  Uaan  at  S5  composite  aanipln  takm  bstweoi  Fsbcnar; 
t,  ISIO,  aod  January  31,  IBll. 

D.  Rogoe  Rfva  UMT  lyrio,  Ongon.  lltau  at  M  oamposltc  samplas  taken  betwMD  S^tcmtwr  10,  uni, 
BulAacmtll,  ins. 

E.  nmpqna  Rim  naar  Elkton,  Ongon.  Ueaa  ol  22  oompiiiitte  tuapSia  lak«i  bstwMD  Angiat  1,  IVU, 
Bn]AiigiutlS,tei3. 

F.  Ooose  Lt^  OnGDO-    Btn^B  anslysb  by  Van  Wlnkli. 

a.  Loat  Rlnr,  Klamatti  Coanty,  Ongon.  Staigla  analyila  by  A.  L.  Knlscly.  Aim.  Rtpt.  Iir.  and 
Draliac*  iDTCsUgaUini,  U.  S.  Dapt.  Agr.,  l«Of ,  p.  M4. 

H.  Crater  Lake,  OregDn.  81n^  analysis  by  N.  H.  FtakbbiT.  Cited  by  Van  Wlnkls  In  W.  S.  Paper 
Ml,  p.  a.  Imdnded  ti9«  an  acooont  o(  Us  analogy  to  tlit  rlvv  wato^  ol  Ortgon,  altboo^  H  pn^Hlj 
bdongg  in  the  chapter  on  closed  baalna.' 


80.... 

a 

NO,.. 


SiO,-.. 
AW),.. 


22.21 
4.71 
6.14 

Trace. 

7.78 


184 


38.23 
S.71 
6.46 

Trace. 


20.62 
13.75 
13.76 


I  S«a  Water-Supply  Papas  V.  B.  Otol.  Svin 

•  Van  WIdUb  also  gtva  onalyus  ol  waten 
ind  at  Link,  Wood,  and  Sfloti  rtros  In  On) 
I.  O.  Enlgbt,  WaditDgtim  OeoL  Bnrvay,  voL  1 
n  ftrm  in  V.  8.  Dqit.  Aff.  FUd  Opcr.  Bm.  Balls,  1008,  p.  UO. 


Nob.  SWaitd  363, 1914. 

n  Wood  Creek,  Cedar,  and  Oresi  riren 

.    For  an  earlia  analysis  of  valer  Irom  Cedar  Riw,  m 
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lAEES  AND  BIVEB8. 
THB  BASKATCHBWAK  SYSTBII. 


Iliis  complex  river  system  comprises  a  number  of  important 
branches,  which  finally  unite  in  the  Nelson  River  and  empty  into 
Hudson  Bay.  The  following  aoalysee  represent  waters  from  this 
giBat  drainage  basin: 

ATtaiyia  o/watenfiom  Satkalchewan  lyttem. 

A.  Bad  BlvvDt  tbe  North  it  ?viQi  Fslb,  IUumsdU.  Aualrsls  by  W.  A.  Nayts,  Stonofli  Am. 
Bept.  Vlniinota  OvoL  Nat.  Hist.  Barrer,  ISM,  p.  173. 

B.  S«l&inraltb«Narttiktat.Vlnc«it,Mliiii£aota,iiMrtti«Cui>dbnIxKm(lVT.  Aialnli b7 W. A. 
yaja,ap.  dt.p.tn. 

C.  BslBtvecoltlw  North  lwk>wtti*A!Bliin»lDii. 

j>,  AjdntboliiB  Rhrat  atiova  Ita  Jmictlan  with  tha  Bed.  AialjPMi  I>  Bod  Z  by  F.  t>.  Adams,  Rqit. 
nap'i  GaiL  Bamj  Caoada,  181^39,  p.  10  H. 

B.  Nataon  Blnr  mu  ita  month. 

T.  Hajts  BItw  opposite  York  taetary.  Tbla  atnom  aotsa  Hmbon  Bayiuar  th*  Ndmii.  AnalysM 
TudObyW.  DUtmar.Bapt.  ProffOB  OaoL  edrrer  Canada,  1S:»«,  p.  77  C. 


A 

B 

c 

D 

B 

F 

CO, 

32.52 

25.56 

.69 

4L20 
15  71 
4.89 

.19 

.28 
17.55 
8,23 
6.64 
L37 

.02 
4.67 

.35 

8L47 

22.06 
&78 

39.70 
16,52 
6.68 

16.78 
41.86 
4.68 

^;::::;;;.;:;:;:::::;::::;::: 

&!!':::'::::::;:::::::::::: 

3a  39 

12.89 
7.99 
a  67 
LIS 

13.69 
7.72 

1L08 
1.16 

15.91 
6.65 

6.22 
.97 

Nf;::::::;;.":::;:::::::::;:: 

L»7 
L19 

s    . 

L37 

.60 
7.08 

6.72 
.24 

4.41 
.21 

7.30 
.64 

Sdinity,  pMto  pM  million 

loaoo 

202 

loaoo 

284 

100.00 
551 

100.00 
609 

100.00 
180 

100.00 
116 
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The  foUoving  table  gives  analyses  of  the  Bow  Kiver  and  its  tribo- 
tariee,  the  Bow  being  the  main  western  branch  of  the  Saskatchewan. 
All  these  streams  are  in  the  Alberta  district,  Northwest  Territory, 
Cuiada.  The  analyses  were  made  by  F.  G.  Wait/  The  samples 
were  cdlected  at  low  water. 

ATialytei  o/vnUerfiom  Bow  Biver  and  b^mtariet, 

H.  Btnr  BtT<r  at  Cal0iT- 
I.  Elbow  RtTK  M  CalguT. 
J.  Hl^mnd  Bfw  at  Hlgb  Rhrw. 
E.  FMkOvakatHoLHHlTmL 
L.  Bbatp  Rlrer  dmt  Dowdn^. 


B 

I 

I 

Z 

L 

4a  21 

14.69 

.M 

25.23 

6.S5 

2.42 

Trace, 

L56 

Trece. 

44.66 

18.80 

.56 

24.39 

6.65 

2.77 

.42 

L85 

Tiac«. 

47.78 

13.22 

.65 

24.48 

6.23 

3.28 

Trace. 

4.36 

Trace. 

63.67 
6.59 
.51 
18.82 
7.67 
7.14 
L34 
6.46 
Trace. 

8oi:"'v;;":::;::::::;::::::;:::::::: 

Me                             

6.32 

i5::;:::v;::::::::::::;::::::;::::::: 

8iO. 

2.39 

1DQ.00 
128 

100.00 
217 

100.00 

183 

100.00 
238 

loaoo 

BXnOUtXT  FOB  NO&TH  AXSBXOA. 

If  now  we  look  back  over  the  analyses  of  North  American  rivers, 
we  shall  see  that,  in  spite  of  all  differences,  certfun  general  tendencies 
are  manifest.  In  the  first  place,  practically  all  the  waters  from 
east  of  the  Missouri  River,  with  one  or  two  minor  exceptions,  are 
waters  in  which  carbonates  ao-e  l&i^ely  in  excess  of  sulphates  and 
chlorides,  and  calcium  is  the  dominating  metal.  The  same  rule 
holds  for  the  extreme  northern  and  northwestern  rivers;  but  the 
western  tributaries  of  the  Missouri,  in  general,  tell  a  different  story. 
So  also  do  the  waters  of  New  Mexico  and  Arizona.  Here  sulphates 
are  in  excess  of  carbonates,  and  calcium,  although  sometimes  domi- 
nant, is  not  always  so.  In  short,  where  i3x&  rainfall  is  abundant  and  the 
soil  is  naturally  fertile,  carbonate  waters  are  the  rule;  in  arid  regions 
sulphates  and  chlorides  prevail.  Hiis  statement  applies  to  the 
evidence  now  in  hand,  and  must  not  be  construed  too  sweepingly. 
We  are  dealing  not  with  invariable  laws,  but  with  tendencies. 

The  condition  thua  indicated  is  probably  the  outcome  of  various 
causes,  but  one  of  the  latter  is  easily  found.  In  a  fertile  region 
oi^anic  matter  is  abundant  and  great  quantities  of  carbonic  acid  are 

I  Rqit.  Owl.  Survty  Canada,  luVHr,,  toL  9, 1S7S,  pp.  3SMS  R. 


..Google 


LAKES  AltD  BITEB8.  89 

generated  by  its  decay.  This  carbonic  acid,  absorbed  by  the  ground 
water  of  the  soil,  acts  as  a  solvent  of  mineral  matter,  and  carbonates 
are  carried  into  the  streams  more  abmidantly  than  other  salts.  In 
arid  re^ons  there  is  less  organic  decomposition,  less  carbonic  acid, 
and  a  smaller  proportion  of  carbonates  is  found-  Water  from  a 
swamp  or  forest  is  very  different  from  water  which  has  leached  a 
deeert  soil.  In  the  Ejuisas  River  and  its  tributaries  the  passage  from 
one  set  of  conditions  to  the  other  is  clearly  apparent.  Western  Kan- 
sas is  reUtively  arid,  and  the  western  branches  of  the  river  are  poor 
in  carbonates.  Eastern  Kansas  is  fertile,  and  the  eastern  a£9uents 
reflect  its  character.  It  must  be  borne  in  mind,  however,  that  we  are 
now  considering  relative  proportions  of  substances  and  not  absolute 
amounts.  The  lower  course  of  a  stream  is  a  blend  of  many  waters; 
and  the  change  from  one  type  to  another  does  not  necessarily  imply 
that  anything  has  been  lost.  Precipitation  may  have  taken  place, 
but  in  many  cases  the  transformation  from  sulphate  to  carbonate  is 
probably  due  to  an  overwhelnung  influx  of  the  latter.  The  Missis- 
uppi  itself,  in  its  course  southward,  must  receive  carbonates  more 
freely  than  sulphates;  and  its  final  character  as  it  enters  the  Qulf  of 
Mexico  ehould  be  that  of  a  carbonate  water.  So  much  at  least  can 
be  safely  inferred  from  the  data  already  in  hand.  To  small  streams, 
it  must  be  remembered,  these  considerations  do  not  always  apply. 
Local  conditions  are  operative  in  such  cases,  and  a  river  issuing  from 
a  r^on  rich  in  gypsum,  or  fed  by  brooks  affected  by  beds  of  pyrite, 
may  have  a  sulphate  character  quite  independent  of  the  cUmatio 
influences  which  otherwise  seem  to  rule. 

The  local  pecuharities  of  river  water  have  been  the  subject  of  a 
considerate  number  of  geochemical  and  hydrochemical  inveetiga^ 
tions,  some  of  which  will  be  noticed  later.  In  general  it  may  be  said 
that  a  water  at  or  near  its  source  reflects  in  some  measure  the  com- 
position  of  the  rocks  from  which  it  rises.  We  have  already  seen 
the  remarkable  imiformity  of  character  displayed  by  the  rivers  of  the 
South  Atlantic  and  eastern  Gulf  States.  The  waters  of  Illinois  and 
Iowa,  flowing  through  a  rich  E^iicultural  area,  underlain  by  sedi- 
mentary rocks  fflEdusively,  show  a  similar  uniformity  of  composi- 
tion. Water  from  limestone  is  ridi  in  lime,  that  from  dolomite  con- 
tains more  magnesia,  that  from  granite  is  characterized  by  rela< 
tively  higher  silica  and  alkalies.  In  small  streams  these  resemblances 
appear  quite  clearly;  in  lai^e  rivers  the  commingling  of  the  tribu- 
taries tends  to  produce  an  average  composition  which  may  be  called 
that  of  a  noimal  water.  The  great  continental  rivers  resemble  one 
another  much  more  nearly  than  do  their  component  branches. 
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B.IVB&S  OF  aotrm  aioeiiioa. 


The  riyer  waters  of  South  America.,  except  in  British  Guiana,  the 
Ai^eotine  Republic,  and  Brazil,  seem  to  have  received  very  little 
attention  from  chemists.  A.  Muntz  and  V.  Marcano'  have  described 
certain  waters,  from  unnamed  tributaries  of  the  Orinoco  and  Amazon, 
which  are  colored  nearly  black  by  organic  acids  but  contain  not  over 
16  parts  per  milHon  of  mineral  matter,  and  from  which  lime  is  prac- 
tically absent.  Iliese  peculiarities  are  shared  to  some  extent, 
although  not  ao  strikingly,  by  certain  river  waters  of  British  Guiana, 
which  are  brown  in  color,  low  in  salinity,  and  rich  in  oi^anic  matter. 
Fourteen  of  these  waters  have  been  analyzed  by  J.  B.  Harrison  and 
K.  D.  Reid,*  from  whose  table  the  following  selection  has  been  made. 
Their  data  are  reduced  here  to  the  usual  standard  form,  with  normal 
carbonates  and  with  oi^anic  matter  omitted.  The  color  is  supposed 
to  be  due  to  oi^anic  compounds  of  iron,  and  the  proportion  of  iron 
found,  here  reported  as  Fefi^,  is  unusually  large.  Ab  stated  here 
the  analyses  represent  the  anhydrous  inoi^anic  matter  which  tiie 
waters  could  ultimately  deposit. 

Analyit»  o/waUnJrom  Britith  Chaana. 

A.  Barlma  Itfrct  abovs  EaUpa*  Fitb. 

B.  WalDl  BiTW  above  Flnt  Falb. 

C.  EsMquJbo  River  above  Watsputa  Falb. 

D.  Dem«aialtlv8r  above  Uaklli  Path.    ADOther  BDaljBls  ol  vatar  tlik«i  In  tbM  of  dioo^t  li  atao 

E.  CouraatTiieKfTsr, 

F.  Poraro  Blviir,  above  Tumatumail  Falls.  AnalyiM  are  also  glvan  of  the  Banma,  Cuynnl,  Funml, 
Wawninl,  Kapumiul,  Mabaloa,  and  BerbiW  rtvgn,  and  ol  Abaiy  Crvek. 


A 

B 

C 

D 

E 

F 

22.12 
1.39 
6.45 
.51 

10.21 
4.01 
2,67 
.OS 

43.43 
9.13 

28.40 
.92 

6.50 
.13 

5.45 

3.02 
12.88 

1.86 
25.04 
15.78 

16.74 

5.66 
3.38 
1.11 
3.84 
2.96 
6.97 
.54 
52.80 
7.03 

12.84 

1.15 

10.32 

.97 

.38 

2.65 
10.93 

1.69 
66.92 

3.15 

22.14 
1.22 

e.se 

.30 
5.16 
2.39 
8.76 
2.66 
41.90 
8.63 

m\v.'.'. ;::::::::::::::: 
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SEdinity,  parta  per  million 

100.00 

78 

100.00 
45 

100.00 
30 

100.00 
73 

100.00 
40 

100.00 
44 

The  very  high  silica  and  generally  high  sodium  in  these  waters 
suggest  that  they  emerge  from  areas  of  crystalline  rocks.  The  high 
proportion  of  chlorine,  however,  with  some  of  the  sodium,  may  be 
due  to  cycUc  salt,  the  saline  content  of  rainfall. 
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In  the  next  table  I  give  the  available  data  for  the  Amazon  and 
Bome  of  iie  tributaries. 

AjuUyiet  of  ■waterfront  Anuaon  Rivrr  and  tribufao-iet. 

A.  TlM  ADuna  betmeD  tba  Namma  and  SaaCarem.  Aaalyiils  by  P.  T.  Fnnkbod,  died  hj  T.  Hal* 
krdReadeln  ETOlatlon  of  mth  itmeton. 

B.  The  Amoun  at  Obldoa.  Uaaa  of  two  iDalyass  br  F.  Katur.  Sea  QrundiOie  dcr  Oaolocle  du 
Pntanc AmmniiaggeblBtaa, Lalpdg,  1W3.  Katnrutlniataitlial  Un  AmauooanlsaannQallj'paitObldci 
eiifiisfioo  metrio  Una  at  dbaohnd  and  ampendad  matter. 

C.  The  Xlngo.    AiuUfiisb;Katnr,k».dt. 

D.  TIuTapaJoa.    Analgia  b^  Eataer,  Im.  cit.    Katnr  alao  glna  analTaea  o[  watar  Irom  Parad»m]rtni, 


tba  Uaacimi,  the  It^McurA^nlrlm,  and  aeTCnl  fnah-watw  lal 

ka.  or  !.(«>». 

* 

B 

C 

D 

M.76 
7.37 
3. 86 

21.12 
2.67 
1.H 
Z.31 

18.80 
7.29 

24.16 
2.28 
6.94 

14.89 
1.40 
4.24 
4.76 

28.50 

12.  »7 

26.78 
10.67 

6.»e 

16.77 
3.92 
2.08 
4.18 

21.15 
8.60 

§o' 

n!:;;:;::::"";;:::::::::::::::::::::::::::::: 

100.00 
69 

100.00 
37 

100.00 
45 

100.00 
38 

From  the  southern  parts  of  South  America  the  following  waters 
have  been  analyzed : 


Analsta  of  leater  from  riven  in  touUum  part  of  South  Amaiea. 
.   Aaalyilabrl.  I.  Krk.Clwai.  Nawa.Tol.W, 

B.  Rlnr  Plata  mar  Btttnoa  Alna.  Analyila  br  B.  ScbooUer,  Ber.  DeutKh.  cbam.  Oeaell. 
1897,  p.  ITM.  Water  poaalbly  aOacted  by  tU»i  aoatamlnatlai.  For  otber  data  relatlT*  to  tbe  ~ 
the  Menedea,  aee  U.  Paiggarl,  An.  Soc.  cleat.  Aitentlna,  vol.  13,  p.  W,  U«3. 

C.  Tbe  Pvana  Smiles  above  its  entry  into  tbe  Plata.    Analyalab;  Krla.loc.dt. 

D.  The  Urofoay  mklitnam  oppaeile  Salts.    Analyilg  by  Kyle,  toe.  dt. 

E.  Tbe  Utnsoay  above  Fray  Bentoa.   Analyala  by  Schoeller,  loc.  clt. 

F.  Rio  N^ro  above  Mercedea.  Analyiia  by  Schoollei,  loc.  clt.  An  analyala  at  Rio  Kegro 
dtedbyS.BlvM,  An.  Soc.  dent.  Argentina,  vol.  i.isn.p.SX. 

Q,  CtOtwtao  Blmr,  Arssntlna.  Anatyda  by  Kyle,  An.  am.  dent.  Arpotlna,  voL  43,  INT, 
thia  memoir  Kyle  gtna  analyaea  i^nnniennia  Argentine  ricera.  Tbe  nuoeDdatun,  hDwever .  la 
tet  deaerlpttre  namra.  audi  aa  N^ro,  Colorado,  Salado,  Baladlllo,  etc.,  an  ^>plled  to  mere  ttian  < 


p.  38. 
FlaUand 


by  Will  ia 
p. 10.    In 


In  Aifenllmi,  and  it  ia  not  alwayi  eaay  to  Idealily  tbe  river  lo  vbldi  a  ilven  aoalyala  appllea. 

A 

B 

c 

D 

E 

T 

0 

CO, 

17.45 
7.69 
12.69 

11.69 

17.97 
18.11 
6.68 
3.71 
1.42 
24.89 

"i6.'82' 

17.73 
10.13 
15.92 

"7."  37' 
2.78 
14.96 
4.08 
20.73 
3.21 
3.21 

24.23 
3.90 
.61 

5.50 
9.82 
2.85 
3.75 
3.12 
46.22 

21.69 
6.15 
6.12 

io.oi" 

2.97 

6.92 

39.10 
1.23 
4.43 
1.95 

17,82 
1.96 
10.24 

NO. 

6.18 
3.31 

ll34 
3.09 

21.32 
8.62 
4,41 

Nf""".'":;::':::::::"::: 

44.32 

^3.92 

21.76 
}  1.52 

Auo'. ::::::::::::::' 

Salinity,  parts  per  million. . . 

100.00 
91 

100.00 
206 

100.00 

98 

100.00 
40 

100.00 
66 

100.00 

132 

100.00 
651 

THE  DATA  OF  QEOCHEHISTBT. 
Analyta  of  mater  from  rivtrt  in  touAem  part  of  South  ^nwriea— Contiiiaed. 


Rapabllc,  lS7fl,pp.  Mi.2M. 

I.BloSaladJUD,  Aigmttns.   Analyslib;  A.Coerliig. 

E.  Slo  de  Arias,  Salto,  Argantbu.    Analfiila  by  II.  Sim 

L.  Rio  da  1{B  Reyea,  Iii]ay,  AigBDtliu.    AiuIiiBls  bf  U 
Aod.  uac.  den.  COrdobt,  v<d.  £,  18S3,  p.  440. 

II.RlaFTlo.diitrlctatTBlM.OiIls.    Analrali  by  A.  I 
Talt*l,  Berlbi,  1«»,  p.  03. 

N.  RkiCopl)VK>,Ctktle.    Aoalyalabr  F.Lemitayar.cfled  by  7.1.8an  Romiofn  Dfglerto  ICanUIlBiM 
de  AtaiaiDB,  vol.  S,  Santhco,  IKH,  P-  IN- 


I.  BlBVBrt.    Far  aulym  3,  2,  and  L,  IM  Bol. 
tB.dtedbyL.  DiiapakrlnDas  Dapartemmt 


H 

I 

J 

E 

L 

U 

K 

39.  IT 
5.76 
8.« 

0.06 
31.81 
32.63 

9.94 

27.76 
21.51 

39.13 
13.24 

2.77 

28.27 
18.17 
6.63 

18.06 
24.46 
8.04 

m.' ::::::::::::: 

16.63 
3.27 
ft.  09 
4.67 
8.68 
1.10 
5.12 

8.01 

.36 

26.48 

.49 

11.29 
2.87 

16.12 
4.41 
6.11 

19.63 
6.20 
1.82 
6.76 

11.67 

13.20 
2.53 
7.19 
10.20 
12.33 
.49 
2.09 

14.93 
2.63 
15.37 

13.32' 

ns ;:::::;::::::;;: 

8.96 

ffib:::;;;:;::::.:..: 

al3,      

}.» 

.89 

.16 

Salinity,  puts  per  million. -- 

100.00 
160 

100.00 
9,185 

100.00 
1,213 

100.00 

127 

100.00 
104 

100.00 
186 

100.00 
731 

These  wateiG  show  the  same  order  of  variation  as  those  of  North 
America.  The  water  of  the  Amazon,  flowing  through  forests  and 
in  a  humid  cUmate,  is  characterized  hy  domiuant  carbonates  and  low 
saUnity.  In  Ai^;entina  many  of  the  streams  flow  through  semiarid 
plains.  In  their  waters  sulphates  and  chlorides  predominate  and  the 
alkalies  are  commonly  in  excess  of  lime.  The  Uruguay  and  some 
riveis  of  British  Guiana  are  peculiar  because  of  their  high  propor^ 
tion  of  silica — a  condition  whioh  will  be  discussed  l&tor  in  the  chapter. 


.y  Google 
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lltAKBS  AfiS  B.ITEIIS  Or  BUBOFE. 

Both  Bischof  and  Koth  cite  num^oua  esrly  and  ofteD  incomplete 
analyaes  of  Eurqpean  riv6r  waters,  but  it  is  not  necessaiy  to  reproduce 
them  all  here.  They  tell  the  same  stoiy  as  that  told  by  the  eastern 
riveis  of  the  United  States.  The  predominance  of  calcium  and  the 
carbonic  radicle  is  clearly  shown  in  most  cases.  For  present  pur- 
poses it  is  well  to  begin  with  British  waters,  and  then  to  pass  on 
eastward. 

Analjfiw  ofBriiUh  waten. 


B.  RhwPMiu 

C  KtiwDonut 

A^tTWKSaBACbyJ.Bniltb,Joai.Cti»in.BiX.,nl.*,WO,p.iS».    Oiiiitk mttni^leatod. 

D.  TbaThamnatTIuaMDlttMi. 

K.  ThanumaatSew. 

9.  The  Tbaam  at  Baam. 

AnalfBM  D,  B,  7,  br  1.  OnAum,  W.  A.  UUaCfiiid  A.  W.  Kibimm,  T«<ir.  OMm,  Boo.,  voL  4,  UU,  p. 
m.  AaitrtwaraklBgtTmottbaTliuaa&t  Bittennand  Lunbeth,  ottheNtwBInr,  ukdwraal 
IfrtnfB.  J<r  otta  aiulyiM  ot  tbs  Thsmcg  see  J,  H.  Adilaji  Joar.  CtMn.  Boc.,  vtd.  2,  IBM,  p.  74,  ud 
O.r.ClMfc,  ld«Di,KDLl,184S,p.lW.  AboR.  D.  Tbaiiwan.Mem,  v<iLS,  ISGfi,  p.  ST.BDdH.  H.Witt, 
FUBw.  U^.,  401  Mr.,  ToL  13,  ISU,  p.  111. 

O.  liOiicliNMcli,ml*iid.  Analyiliby  J.  F.  Hod(a,C3i«m.K«wi,ToLM>,ISro,p.  lot.  An  vulrvb  of 
tbe  lirtr  Bmi  la  kbo  glf«ii. 

Bee  ■InC.If.  Tidy,  Joar.auiii.Soc.,TDL  17,1880,  p.  2e8,iKpwtUaul7Baoltli«Tliuiin,LML,BeTam, 
■DdShanum.  £.  Hull,  Oeol.  Hag.,  I8S3,p.  lTl,cite9aDal7>eB(i(TlLblnim,BalaLBk«,aiidtheBaTeni, 
irtilcIiIaiaiiiuUBlolraMlothetn^klJio'publlixtlans.  InT.E.'niorpa'alCaunlodDaTiaalGclMmbby, 
ToLl.p.  107, endTnaoltlieCIrdeand Loch Eatrbeanclnn.  rgraiu]7«MDrikaIUrarTt«nt,M«Ia(ir. 
Bee.  Cl«iLlnd.,T<)LSO,  1011,  p.  70. 


A 

B 

c 

D 

K 

r 

0 

57.49 

Trace. 

L41 

Tmce. 

.02 
37.77 

.25 

}•" 

1.62 

23.36 
laTO 
17.08 

23.16 
16.29 
14.19 

41.66 

11.82 

5.20 

.84 

39.53 

14.72 

4.57 

Trace. 

3190 
18.10 
a  70 
Twee. 

sS""":::::.:::.: 

a      

9.62 

poj:::::::::::::::::::::::: 

ci*      

17.22 

2.98 

11160 

&41 

jaee 

16.32 
a64 

}"' 

10.62 
[6.72 

3a  10 
L95 
Z28 
a25 
3.26 

}.« 

28.67 
L82 
3.28 
L66 
2.36 

}3.60 

27.00 
L70 
170 
LIO 
5.00 

^::;;v;;:::.;:: 

K        

Sia::'.::;:::::::: 

F^     

.50 

SAlinity,  parta  per  million. . . 

100.00 

160 

loaoo 

31 

lOaoo 

81 

100.00 
272 

loaoo 

266 

Loaoo 

286 

loaoo 

155 

The  high  chlorine  and  sodium  in  some  of  these  analyses  is  probably 
due  in  part  to  the  proximity  of  the  ocean.  In  the  Thames  the  r^ulur 
increase  in  these  radidee  as  we  follow  the  stream  downward  is  quite 
evident.  The  lliunes,  however,  rises  in  the  midland  counties  of 
England,  where  the  waters  issuing  from  the  oolite  are  relatively  rich 
in  chlorides.' 


I  Baa  W.  W.  Fisher,  Tin  Aualjrat,  vd.  21 
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The  next  group  of  analysea  '  relates  to  the  wtiterB  of  western  Europe, 
nunely  of  Belgium,  France,  and  Spain.  Some  Swiss  waters  are 
included,  as  tributary  to  the  Rhone. 

Anidj/*a  of  leaUri  in  wutem  Europe. 

A.  The  Unue  at  Lltge,  Belghun.  Computed  from  dua  glran  by  W.  Spring  and  E,  ritet.  Aim.  Sac. 
b6oL  BeJglqua,  voL  11, 18St,  p.  123.  Tlie  Ueuw  carrlea  past  Llige,  in  BolutloTi,  marl;  1,083,000  mettle 
tons  at  aoUda  atmuallr,  or  139  tona  Iram  each  square  mile  of  terrltarr  drained.  EarllBr  analjan  of  Uw 
Ueoae  by  1.  T.  F.  Oiandalon  and  1.  W.  Otumhig  ira  abed  by  BiaohaL 

B.  Tba  Beim  at  Bcrcy.  Atulr^  by  H.  S»lnt»4:iBlra  ]>evllle,  Aimalea  chiin.  pbyi.,  3d  nr.,  voL  23, 
1S«,  p.  41. 

C.  Tb*  Loire  near  Orkana.   Analysb  b;  Devllle,  be.  dt 

D.  Hw  Oaraime  at  TooIoosb.   Analjslaby  Dertlle,  be.  clt. 

E.  nuDoubaatBlTotte.   Analysla  by  DevUle, loc. clt. 

F.  The  Isbre.  Aualyxb  by- J.  Grangs,  Aimalaa  chlm.  phya.,  3d  asr.,  vol.  24,  IMS,  p.  fiS.  Orange  also 
gfvts  analyaes  ot  aeveral  amall  tilbuttiila  and  c^ffrelatee  tliem  with  their  geological  suironiulfaigj. 

0.  TheHboDeatOcnera.   Analyibby  I>eTllle,loc.clt. 

H.  TheShone.    AnragecifflvetiiialymbyL.Lo«Ier,Aich.acLpbys.iiat.,3dsn.,vi)l.(la,lB7ll,p.aa]L 
Oifttiic  matter  rejected. 
L  The  Ane.   Avenge  of  ilx  analysea  by  Losaler,  loc.  cH 

1.  Lac  Lemu.  Anatyds  by  S.  BrendecbouTg,  cUad  by  F.  A.  Foret  fn  lUm.  Sue.  HBlv«t,  voL  St,  1S»4. 
ForelcUeaWTenaotheranalynsotLaGLeman.  Seealao  Rbler  and  Walter,  Bull.  Boc.vaud.,  ml.  13,  ISTS, 
p.  ITS. 

K.  Lacd'Amwcy.    Analyabby  L.  Dupaic.Compt.  Rend.,  vo].  Ill,  lST2,p.24S. 

L.  TbeDonro.   ADalyBlscttediDUem.Com.mapaEeol.E:pBfls,Prov.aalBnuiHaL    Analyit  Dot  named. 


A 

B 

c 

D 

E 

T 

36.48 
liXS 
3.83 
2.88 
28.90 
2.68 
2.24 
.87 
.06 
6,02 

39.78 
8.67 
2.95 
4.44 
29.13 
.63 
2.87 
.86 

3a  92 
1.72 
2.16 

3a  07 
6.69 
1.40 

60.41 
L63 
.74 
2.36 
33.20 
.40 
1.53 
.70 

8o;::::;:v;::;:::::::::::::;: 

ci* 

14.31 
1.34 
6.93 
1.64 

ia99 
.67 

2.50 

25.40 

^;:::;::;v";;:;:::;:::::::: 

J     132 

K.               

9.69 
.19 
.99 

31-69 
6.29 
410 

29.63 
1.66 

6.91 
.92 
131 

ALd, :;':          ::: 

Trace 

^3;;:;;;;;::::::::::::::;;: 

100.00 

100.00 

254 

100.00 
134 

100.00 
137 

100.00 
230 

100.00 

i » 

E 

I 

I 

K 

L 

27.92 

23.  IS 

.55 

3.13 

36.69 
26.68 

.71 
.31 

42.37 

18.81 
1.48 
.33 

33.87 

26.66 

.52 

69,14 

Tmce, 

.69 

so. 

po* 

24.89 
1.48 
2.75 
.88 

iao8 

2.14 

26.42 
3.66 

1.65 

29,64 

3,17 

1    2.63 

1,70 

27,81 

2.53 

.25 
6.63 

34.46 

3.06 

Trace. 

Trace. 

2.71 

iTTaceB. 

M(t 

Salinity,  parta  per  million 

100.00 

182 

100.00 

170 

100.00 
192 

100.00 

152 

loaoo 

144 

100.00 
196 

11,  Thoulat(Qul],  Boc,  gAig,,Tlhser,,  to],  li 
Far  French  l^es  In  general,  aee  A.  Detebecqne 
L.  Duparc,  Compt.  Beod.,  vol.  HI,  Kt2,  p.  0 
vol,  3S,  1802,  p,  HO. 


1S04,  p.  557)  glv^  partial  analyaea  of  lakes  in  the  Voa^fCs. 
.Aslacafransials,  Paris,  1898.  Beeatao  A.  Delebecqueaod 
;  and  Arcb.  soL  phyi.  tiat.,  3d  >W.,  vol.  27, 1803,  p.  EOK 
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In  the  mountain  complex  of  the  Alps,  including  the  Bavariui  and 
Austrian  highlands,  several  great  riTeiB  of  western  aud  central  Europe 
take  thar  liee.  At  their  headwaters  are  many  small  lakes,  and  these 
hare  been  exhaustively  studied.  In  an  elaborate  thesis  by  F.  E. 
Bourcart,'  analyses  are  given  of  33  Alpine  lakes,  and  each  one  ia  dis- 
cussed in  the  liglit  of  ite  geologic  relations.  The  following  table  givee 
a  selection  from  this  mass  of  material. 

Anab/$et  o/ water  yroin  Alpine  lakt*. 

A.  IaeT«M7,CaiilaiVakk.   InlbaCrMMMOi.   AtTptcaloalcmmiBiraUt.   Dnlm bto tha Rbow. 

B.  Lao  da  Chwnpm,  Cuton  Vilaii.  In  nloni|nuniUM  uHl  prvMctaa.  A  tTp*  Ol  tlw  w*l<t  dvlTid 
from  IguaiiDi  locks.    Dnfau  MM  the  Rhooe. 

C.  Lac  Noir,  Canuo  FrItMurt.  In  Uie  Flrnb,  but  tiao  I«d  bj  waMn  bum  tha  Trfii.  Dnlns  tbnucb 
tba  Au  Into  tke  BUbb. 

I>.  Lw  d'Auiaghllugm,  Cuilm  B«nie.    In  the  FIfseh  »a&  Ifiilmii      DnEns  hito  ths  Asr. 

E.  Lk  RRom,  above  Atrolo,  Cutcn  Tldno.   Boitaca  wUtr. 

F.  LaoRltan,loinrla7<[a(nt«,b«lcnr  13  mam  depth.    This  take  dralni  Muthnnl  falo  Italy. 


A 

B 

c 

D 

F 

63.21 
6.29 
.87 
33.74 
1.09 
.76 
.74 
2.37 
1.04 

29.96 

11.83 
9.96 

19.16 
1.32 
8.32 
4.00 

13.93 
1.43 

28.94 
38.36 
.67 
29.65 
2.27 
.64 
.88 
.71 
.49 

63.  S4 
3.32 
1.77 
33.30 
1.76 
L80 
.93 
8.03 
.26 

20.00 
47.27 

so:;;::::;::::;::::::::::;::: 

22.12 
6.47 
1.22 
1.64 
2.28 
Trace. 

n! ;;.:::::;:::::::::::: 

Salinity,  parte  per  milUon 

100.00 
122 

100.00 

27 

100.00 
270.6 

100.00 
201.7 

100.00 
122.5 

100.00 
2,373 

Analyses  A  to  D  well  illustrate  the  differences  in  origin  of  the 
wateis.  E  and  F  represent  a  lake  of  extraordinary  character.  It 
contains  two  distinct  layers  of  water  of  quite  dissimilar  nature.  The 
upper  layer  is  merely  tike  water  of  ita  affluents,  which  flows  over  the 
denser  water  below.  The  latter  is  essentially  a  strong  solution  of 
calcium  sulphate,  derived  from  neighboring  beds  of  gypsum.  The 
two  layers  do  not  commingle,  and  the  lower  one  has  a  distinctly 
higher  temperature  than  the  upper,  except  at  the  surface.  At  11 
meters  depth  the  temperature  is  5.1°;  at  the  bottom  it  is  6.6°.  A 
similar  phenomenon,  but  even  more  strongly  marked,  is  shown  by 
the  Illy£s  Lake  in  Hungary,  which  will  be  described  later. 

The  foDowing  table  contains  recalculated  analyses  of  water  from 
several  lakes  in  the  Bavarian  and  Austrian  highlands.'  They  belong 
to  the  basin  of  the  Danube,  into  which  they  drain  through  Uie  valleys 


1  Tbeita,  TTnlr.  Oanvra,  1(06.   Lea  laca  alptnca  niban, 
Areh.  ad.  phra.  nat.,  4tb  Mr.,  vol.  IS,  1903,  p.  4S7. 

1 8«  Bin  fncomplgta  analTMe  o(  tha  BtambsfCH',  Eod 
GaoL  Oaadl.  MDiKlieD,  1901-3,  p.  59.    AlaoW.t'la'a 
Or  Bidknnda,  Le^xiC,  hi  IWI. 


<',  130  pp.    A  law  salactad  analfiea  ^>pm  In 


.;,Goo'^[c 
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of  the  Isai,  Ion,  and  Traun.    One  Italian  lake  is  indoded  in  tiiis 
table  on  account  of  ite  Alpine  relationship. 

AtuiIi/ki  of  water  from  Bavarvm  and  Awtnan  taia. 


3.  StaIIlbvK«^or  WOrniMa. 

Id  of  two  amlrsn. 

in  ol  flve  analfHS. 
in  t^  two  walTxa. 
Analyua  A  to  O  by  A.  Schwacer,  OeagniHt.  JahraihaKe,  18H,  p.  91;  UB7,  p.  «E.   AU  tboe  liAw  n«  In 


H.  HalMUttms,  trppn  Antbrk.  Uau  of  tiro  uulyss,  mmiiMr  u^  wfatv  amnxfin,  br  N.  T<n 
Lmu,  lUtt.  0«ag.  0«&  WlNi,  ToL  41, 1808,  p.  L 

L  Tnon-  or  OmanOmaaBt,  Uppv  Amtriib  Anal^Bls  b;  B.  Oodefiror,  Jatnwb.  Chcmta,  1881,  p. 
1823.   OivmiomitUi'njceMd. 

J.  Idgo  dl  Ouda,  ntrOMin  Italy.  Analyib  by  Bcbngar,  Gncnost.  Jahnnhtna,  18M,  p.  01.  AoalyiM 
Of  Italtan  watm  mm  to  b«  ran.  For  partial  analym  of  Uum  amall  streams  nnr  Odano,  In  nvUiinit- 
nltyy.swH.  BplBaaOd  a.  Hil«ghn,  Out.  chlm.  ItaL,  vol  IT,  lSS7,p.317. 


00,.. 

so;.. 


.55 


F^O... 
TiO,... 


26.17 
6.56 
1.10 


26.94 
S.7S 
1.05 
1.07 
Lfi2 
1.06 
.05 


Salinity,  parte  per  millioD 


51.48 
B.99 
2.44 


63. 2S 
417 
3.13 


SiOw... 
ALO... 
F^O,., 


27.54 
6.21 
2.83 


24.66 
0.66 
2.49 


SaUnity,  parte  pet  millioD 


These  lakes  are  Burrounded  by  sedimentary  rocks,  and  all  except 
that  of  Hallstatt  are  much  alike  chemically.  Magnesium,  witb  two 
exceptions,  is  decidedly  above  its  averse  amount  in  lake  and'  rivei: 
waters,  a  fact  which  is  due  to  tlie  presence  of  much  dolomite  in  tlie 
lake  r^;ion.  The  high  chlorino  and  sodium  of  the  HaUst&tt  lake  are 
derived  from  neighboring  salt  beds. 

,    N.ed  by  Google 
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For  the  Bhine  and  its  tributaries  a  good  □umber  of  analyses  are 
available.'*  Tbe  table  following  contains  a  part  of  tliem,  recalculated 
to  modem  standards,  with  organic  matter  rejected, 

Analysai  of  water /nrm,  tlie  Rhine  and  iu  tntmtarUi. 

A.  Lake  <rf  ZutIcIl.  AjuijVB  by  Uoldenliausr,  iSSJ,  cited  by  Soth,  AllgaioelDe  nnd  olaTBlwlia  Ottdoch, 
TaLl,p.UB. 

B.  Tbe  Aw  at  Bern.    AdbItsU  by  I.  S.  F.  Pageiu(«cher,  IS37,  dted  by  Roth. 
C  The  ItUn«  at  Bud.    Ajialysb  by  Faganitecliir,  loa.  cIL 

D.  TlwKhiDaatSfrubiirK.  AiBl7rigbrU.B»fat&CUlieI>eylaa,AimalnoliIiii.ph;&,SdaM.,n>L3S, 
lS18,p.«. 

E.  TteBhliMDevlUIiu.  Analrsbliy  E.EEga,  Notlibl.  Va.  Eidkunde,  Dirmatadt,U87,p.9.  An 
carUn  auolyils  li  Id  the  Tohune  lor  lBSB,p.  21. 

F.  Tbe  Khlne  at  Cologne.    Uees  of  aerea  analyses  by  H.  Vobl,  Jibnab.  Cbemie,  1S71,  p.  ISJS. 
Q.  Tbe  Hhlna  at  ArnhgEm.    Analyab  by  J.  W,  Gunning,  Jahreab.  Chamle,  ISM,  p.  TB?. 

H.  Tbe  Wbile  Ualn. 

I.  Tin  Bad  Uala. 

I.  Tbe  nnlteil  Xaln.  Analyns  H,  I,  and  I  by  E.  Spaeth,  Inaug.  Db*.  Xi^ugen,  ISS.  Spaeth  alKi 
gtTCaanalyntolwstar  from  tbe  Bodaah,  Haalach,  and  Extmacb,  tributaries  ol  Chs  Ualn. 

E.  Tbe  Xaln  above  OOmbacb.   Analysis  by  C,  Man,  Jabnab.  Chamle,  isas,  p.  WT, 

L.TlwlIataiatFiiiikftct.  Analyiliby  0.  Evnv.  Cited  by  F.  C.  Ni^,  Inaug.  Dlxs.  TUblngon,  l§ea, 
fttanBrapcrtpabUtbadat  Frankfixt  In  1881. 

M.  TbaHafanaarltsmDuUi.    Analyilsby  E.Eggar.NotlibL  Vor.EnlkaDds,  Dannstwlt,  18§S,p.  IT. 


N.  TbaNalwatBlngui. 

Analysis  by  Egga-,  Id 

am,  1887,  p 

s. 

A 

B 

c 

» 

£ 

r 

0 

51.  M 
7.90 
.59 

48.60 
14.63 

.08 

53.05 
7.96 
.57 

36.69 

8.3S 

LOO 

41.12 
11.13 
3.65 
1.63 

& 

3.95 
2.08 
1.05 
2.69 

}  - 

46.96 
12.96 
4.22 

Boi ;;;":;; 

PO.                  

.24 
26.48 
6.15 
2.73 
.02 
.16 
.04 
.06 

29.10 
5.11 
1.60 
2.00 
2.06 

30.54 

4.71 

}  ■" 

1.26 

33.63 

2.87 

}  •" 

1.29 

26.30 
.61 
2.17 
.66 
21.07 
1.09 
2.51 

n! ;::: 

}    •» 

"tiv.^-.r 

100.00 
141 

100.00 
213 

100.00 
186 

100.00 
232 

100.00 

178 

100.00 

100 

100.00 

E 

I 

J 

E 

L 

u 

N 

86.15 
16.33 
5.60 
1.66 

4L83 
14.89 
5.00 

.71 

39.69 
16.46 

4.76 
L43 

34.39 
26.41 
4.69 

35.85 
24.69 

1.91 

29.43 
22.43 
8.39 
1.12 

(") 

19.67 
5.77 
6.64 
1.44 
4.12 
.90 
.10 

ml' \.^':... '.'.'.:..'. 

PO*:.::;.:::::::::::: 

22.58 
4.26 
4.10 
LG6 
6.47 

23.91 
6.86 
3.64 
1.76 
3.10 

}  - 

23.07 
5.52 
2.86 
2.04 
4.69 

}  ■« 

23.56 
6.90 

1,73 

"lw 

}  - 

21.  SI 
7.30 
L25 

Trace. 

8.67 

}    - 

MS :;:::::::;.; 

mK" '''.'■'.'.'.'.'.'■'-'.'.'. 

}       .3. 

F^V- -■:;-;:■  ■:--■■ 

Salinit}',    puis    per 

100.00 
126 

100.00 

194 

100.00 
147 

100.00 
240 

100.00 

221 

100.00 
299 

100.00 

•  Tat  an  tanpctfsct  analyils  o(  the  Bodensee  [I«ke  of  Coatsnce)  sai 
iMfte  Vtr.  vatvL  NatuA.  WOittaniberg,  vol.  4S,  1W2,  p.  13.    Many 
BUne  tilbDtaria  en  given  by  E.  Egger,  NotlibL  Ver.  EnUrunde,  ~ 
Tlusa  tvo  pepas  aie  on  the  hydiochamlatry  of  tba  Rhine. 

a  Inehuted  vlth  AliOi,  ate 

07270'— BuU.  616—16 7 


I  B.  Bauer  and  E.  Vogel,  Jatana- 
pertial  analjses  of  ivatos  Iroin 
IMS,  p.  ids;  lew,  p.  87. 
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These  analyses  are  evidently  of  very  unequal  value.  The  hi^ 
silica,  found  in  the  Rhine  by  Deville  is  suspicious,  and  yet  Deville  was 
an  accurate  manipulator. 

One  of  the  most  thorough  hydrochemical  studies  ever  made  of  any 
European  river  system  is  that  of  the  Elbe  and  ita  Bobemiui  tribu- 
taries by  J.  Hanamann.'  In  two  memoirs  upon  the  waters  of  Bo- 
hemia he  gives  over  one  hundred  and  twenty  analyses,  tracing  nearly 
all  of  the  important  streams  in  the  upper  Elbe  basin  to  their  sources, 
correlating  each  one  with  the  geological  formations  in  which  it  rises, 
and  showing  the  effect  produced  by  their  union.  Of  the  Elbe  itself 
thirteen  analyses  are  given;  of  the  Eger,  eight;  of  the  Iser,  tax, 
and  so  on.  From  this  wealtli  of  material  only  a  small  part  can  be 
reproduced  here,  recalculated  as  usual  to  our  tmiform  stuidord  and 
beginning  with  the  tributaries.  A  few  analyses  are  also  ^ven  from 
a  rich  mass  of  data  derived  from  other  authorities.* 


Anab/ie$  iff  the  Elbe  and  iU  trOmimiu. 


A,  T 


Wlm.,  1S7B,  p.  71. 

B.  Tbe  If  ohlNi  beknr  Erahip. 

C.  The  Adlcr  near  lU  mouth. 

D.  Tbe  lair  at  tls  aouns. 

E.  Tbe  Iser  near  Its  nwutli. 

r.  TlMEgvatltssourra.    AualyBtobr 

0.  TtwEpr  above  KCnIpbcrg. 

H.  The  £inr  mat  lis  mouth,  at  BausohawfCi. 


Spaetb,  Inaug.  Diss.,  Ecbuigen,  IS9. 


A 

B 

C 

D 

B 

¥ 

o 

H 

32.86 
11.95 
10.69 

34.52 
10.20 

iai7 

1.76 
.36 
16.71 
4.64 
8.40 
4.05 
4.99 
4.20 

46.23 
7.44 
3.20 
1.43 

21.29 
6.94 

11.08 
1.24 

47.74 
6.66 

aoo 

.78 

11.68 
7.06 
23.86 

26.64 

19.22 

8.16 

.60 

6.66 

.47 
13.62 
4.88 
10.22 
6.19 
8.96 
1.26 

26.73 
2.46 
4.29 
2.38 
5.53 
.32 

8.14 

2.19 
13.86 

6.64 
28.39 

1.33 

28.16 
2.47 
3.71 
2.01 
4.96 
.63 

6.79 

2.24 
11.93 

6.71 
26.07 

a  67 

12.86 
3.51 

11.66 
2.98 

12.19 
2.28 

m|................... 

ia46 

1.10 

Salinity,    parte    per 

100,00 

74 

loaoo 

104 

LOO.  00 

196 

100.00 
16 

LOO.  00 
183 

loaoo 

17 

loaoo 

80 

loaoo 

a,  vol.  1,  No.  4, 18M;  toI.  10,  No.  6,  IMS. 


>  Otber  <UU  relatlre  to  the  Elbe  and  Its  trlbutarfes  are  glran  by  J.  J.  BrBltanlDbns'  (VvhaoilL  E.-k. 
geol.  RelchwistBlt,  ISTfl,  p.  173]  Bsd  F.  UlUk  (AbbaudL  K.  bOhm.  OessU.  WIss.,  BUi  SK.,  voL  10, 18M}. 
For  BDAlyseaoItlie  Elbe  at  LauaDbniSiEamtnirE.and  Meuteldt,  Bee H.SdsnngQ lb,  cited bTT.achucht, 
Jabrb.K.  pTeun.geal.L<uideaanstall,vol.U,  lW7,p.(43.  AnanalrslioftheUoldHiatPragiiabTF.atolba 
la  given  Id  Jour.  Cham.  Soo,,  vol.  27, 1874,  p.  971.  For  an  analysla  of  Rivet  Radbim  abore  Pfbeo,  lee  the 
same  uitlur,  Jabmb.  Cbemle,  1880,  p.  1S21.  Acceding  la  A.  Bchw^v  [Oeocikast.  JatareilunB,  191,  p. 
311),  the  Saale  carrlea  out  ol  DsTarla,  aiuiaally,  17,380,000  kUocrama  of  dlssalved  mattB',  and  the  Eg«  curiae 
14,000,000  klkvnuns.  Foe  additional  data  dd  tha  watvi  at  tbe  Elbe  and  the  Saale.  ue  &.  Kolkirlti  and 
F.  EhcUoh,  ICUL  K.  PrQAangMiutaltnli  Wasaemmitsung,  Heft  e,  BetUn,  1007,  p.  \. 
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Analyia  of  tie  Elbe  and  itt  trtbubtrvt— Continned. 

j,TheBHlaiWBrltiaoDreg.   An&lyita  b;  Spaeth,  ton.  alt. 

7.  TbeSHtoftt  BlukEDStelu.  AnalrBbb;  A.  ScHvags,  OtKfiuirt.  JabrMtHiRB,im,p.BL  Schw^cr 
•taogh«siBal;r>wtf  the  BiBlsBt  three  oUHrpolnta.or  Its  trlbularfaa  the  Polmtti.Soliinsilt^  SeBiilti, 
nd  Selblts,  ot  the  Bg»,  uid  of  the  upp«  lt4lii. 

K.  The  Velnna«r,  one  oC  the  two  cbief  smnxe  at  the  Elbe. 

L.  Tbe£lbeBtCatakinirlta,ebocBtlw  mouth  ol  the  IsK. 

v.  Tbe  Elbe  M  Kebilk,  abore  the  Duath  ot  the  Uoldiu. 

M.  Tha  Elbe  at  Lelnwrlta,  ebtree  the  Eier. 

O.  TheElbeatLoboelto.beknrtbeEger. 

F.  Tbe  Elbe  at  Tetedten,  new  tbe  Bohemleii  htjDtler. 

pt  vbire  otbemlae  listed. 


I 

J 

s. 

L 

H 

M 

o 

P 

14  71 
S.84 
19.40 

27.01 
20.  M 
10.34 
.43 
1.62 
14.19 
6. 98 
8.9S 
2.99 
4.79 
1.88 
.85 

16.84 
12.86 
7.61 

45.87 
a96 
3.27 

46.04 
&88 
3.56 

40.27 
10  86 
COO 

38.41 

12.45 
5.06 

so! 

no! 

4.28 
8.76 
2.19 

11.08 
2.01 

3L21 
I  3. 18 

.90 
26.41 
3.21 
3.03 
2.46 
4.09 

.94 
26.37 
2.77 
402 
3.06 
466 

L22 
22.87 
3.24 
5.62 
2.70 
7.27 

}.» 

1,28 
22.10 
3.23 
6.35 
2.87 
6.42 

(.« 

ca.!:::::::::::;::::: 

4.02 
6.37 
0.90 
4.66 
3S.  10 
[Tracee 

ILr. 

}.« 

SaUmty,    parte    per 

100.00 
17 

loaoo 

117 

100.00 
13 

100.00 
221 

100.00 
206 

loaoo 

157 

100.00 
163 

loaoo 

At  their  sources  these  Btreams  are  characterized  by  very  low 
salinity  and  a  high  proportion  of  silica  and  alkalies.  They  grad- 
ually increase  in  salinity,  and  by  blending  one  with  another  approach 
more  and  more  nearly  the  normal  type  of  river  waters.  The  I^er 
is  unuBually  rich  in  alkahes  and  chlorine.  The  minor  tributaries  of 
the  Elbe  vary  widely  in  composition,  but  in  general  calcium  and  car- 
bonates are  the  chief  constituents.  In  the  Sohladabach,  however, 
a  small  afiBuent  of  the  Eger,  sodium  and  the  sulphuric  radicle  pre- 
dominate, and  in  the  Chodaubach,  another  tributary  of  the  sune 
river,  Uiere  is  a  solution  of  gypsum  with  no  carbonates.  When  the 
Schladabach  enters  the  Franzensbad  moor  it  carries  94  parts  per 
millioD  of  fixed  mineral  matter;  it  leaves  the  moor  with  a  load  of 
1,542  parts.  This  change  serves  to  show  the  importance  of  ground 
water  in  modifying  the  chemical  character  of  a  stream — a  point 
already  noticed  in  studying  the  rivers  of  Colorado.  For  details  con- 
cerning these  and  many  other  small  tributaries  of  the  Elbe  basin, 
Huiamann's  original  memoirs  should  be  consulted.  They  will  well 
repay  careful  study. 
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One  table  of  analyses  given  by  Hanamaim  is  peculiariy  instructiTe. 
It  consista  of  averages,  showing  the  compo^tion  of  Bohemian  waters 
as  related  to  the  rocks  from  which  they  flow.  These  averages, 
reduced  to  the  standard  herein  adopted,  are  as  follows : 

Avavgeocnapontioniif  Bohemicaiwaten,  eUu*\fiied  aocording  toiovrte. 

i.  TroBi  phfOlte,  llva  ■Dalysu. 

B.  From  gruitte,  six  malyMS. 

C.  Fiomm 


E.  From  tlu  CntaaxMU,  lAir  aOMljaia. 


A 

B 

c 

D 

E 

CO, 

36.  M 
6.46 

10.15 

11.91 
6.02 

11.20 
4.S9 

14.  M 

3a49 
14.12 

6.30 
11.89 

S.68 
10.67 

6.63 
17.33 

32.14 
12.86 

7.24 
12.61 

6.08 
10.86 

4.22 
15.00 

46.  SS 
7.M 
L66 

20.07 
5.76 
622 
3.20 
7.67 
.63 

Ca 

Kf:;::"v;;:::::;:::::::::::::::::::: 

K       

100.00 
48 

100.00 
66 

100.00 

74 

100.00 
343 

100.00 

The  high  figures  for  silica  and  sodium  in  the  first  three  of  these 
analyses  reflects  the  origin  of  the  waters  in  areas  of  crystalline  rocks. 

The  water  of  the  Danube  and  its  tributaries  above  Vienna  has  been 
the  subject  of  many  investigations.  The  following  table  contains  a 
selection  from  among  them.  Except  when  otherwise  stated  the 
analyses  are  by  A.  Schwager.* 

]alnol>(tT«iuF*0.   ItiilMniM*!- 
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Analyta  of  water  from  tile  Dtmvlie  and  iUtrtbutann. 

A.  Tlw  WoanUti  sborg  WMMtiOdliigm,  Bavaria. 

B.  Tha  AltmDhl  abort  Hscrlcdai,  Bavaria. 

AnalyMB  A,  B,  bj  E.  IfOUnr,  Insig.  Dte.,  ErlangBii,  UBS.  Otha  dlaertatliHis  iqxai  Banrian  mrton 
va  b;  E.  KOtm,  ISSt;  U.  JXtbler,  ISM;  3.  liBTrhofra,  ISWi  ^  from  Brknco).  SpMtli's  dbnrtatlon  bu 
Btnad;  bean  cilad.    Then  b  abo  cue  from  'WOnburg,  b7  F.  Fachar,  18ST.    In  saeh  Itmnrtatlrai  ttw  watan 


C.  TheNaab. 

D.  TbaRcsan-  Fv  older  but  Inconqilela  analysia  ol  Cha  fiagan,  Di,  and  Racliahae,  aaa  H.  B.  Jdmacai, 
Lteblg's  Annalu,  toL  fit,  IS&E,  p.  330.  An  ana^vla  of  Danaba  walai  takan  at  Vkmia  was  nuda  by  O. 
Btac±>oI  In  ISU.    AnantlTilaaftheNaabBtltsKiuroelgElTRibrepaatli,  loc.  vtt. 

S.  Tba  Isar.    Fcr  an  analysis  ol  tha  Imr  at  Unnidi,  oee  Q.  WKtaitaln,  Jabrtab.  Chamle,  ISBl,  p.  lOV?. 

T.  Tba  V[b  Bt  VOabafen.  AnalTali  by  C.  Uetiger,  Inang.  Din.,  Krlangcn,  1803.  ICMigar  ako  glvM 
Httlysa  of  the  Regan,  Kaab,  lb,  md  Inn,  of  the  two  Aiber  lakta  and  Black  I«ke  at  the  beadwatan  of 
tba  Bagen,  ol  tha  Loha,  PItalmt,  mid  taoer  VDs,  trlbntarlea  (tf  tha  Naab,  and  ol  tba  DaUDbe  at  nva  dlffai^ 
ant  potnlB.  Hli  -mrk  onrtooBlr  otkIwi  or  nolneldaa  wllh  that  poblUied  by  Sdiwigai.  It  tnctoda 
gaolngic  correlatlan.  * 

E.  Tha&ui. 
I.  Tha  Elian. 

J.  Tba  Damiba  abora  tba  Kaab. 
K.  The  Damibe  abova  Bagmaburi. 
I>  The  Dnmba  abore  tha  Hi  and  Inn. 
U.  Tba  Dmiba  UkUonutvi  baknr  Panan. 

N.  Tha  Danaba  at  Oraltaistahi,  X  kUomelan  abora  Vienna.    Unn  of  31  aaaljH*  hf  J.  F.  WoUbMHT, 

of  nmpha  takan  at  bttorab  of  Ifl  dajs  tbronghont  the  yiai  IBTS.    Utnalah.  Oumla,  ToL  i,  U83,  p.  417. 

O.  TbaDaanbaatBudopart.    Analyslab:^  If.  Balla,  B<r.  DtDlaeb.  dunn.  Qemlt,  ToL  11,  U78,p.44L 


A 

• 

c 

!> 

E 

F 

S 

a 

41.14 
19.36 
3.66 

12.64 
60.31 
L93 

47.23 
9.54 
4.42 
.11 
.23 
20.70 
8.14 
Ml 
1.81 
3.51 
.90 
.30 

27.66 

11.14 
6.88 
.37 
.71 

12.07 
4.02 
6.60 
4.37 

10.60 
6.50 
1.39 

49.63 

12.07 

.46 

62.43 
3.29 
2.01 

15.87 
18.26 
2.78 
.69 
.69 
4.37 
2.18 
9.92 
4.37 
32.54 
7.94 
.69 

8o; ::;::::::::: 

Oa^» 

21.81 
7.M 
2.37 
2.29 
1.28 
.56 

23.63 
1.16 
1.26 
7.40 
.98 

25.65 
6.04 
2.14 
1.41 
1.46 
1.04 
.21 

21.81 
7.86 
3.67 
4.79 
3.72 

}■" 

fjf v.".:.::::::: 

2.20 

al6"""'.::::::;::: 

F^oV 

Salinity,    parts    per 

10O.M 
32S 

00.00 
461.6 

100.00 
UO 

100.00 
38.3 

100.00 
203.6 

LOO.  00 
217 

100.00 
30 

100.00 

I 

J 

E 

L 

« 

« 

0 

16.77 
14.78 
5.75 
.41 
.41 
8.62 
1.50 
8.95 
4.S7 
28.73 
9.30 
.41 

63.61 
7.11 
1.20 

61.70 
8.64 
1.31 
.06 
.26 
27:40 
6.0O 
1.12 
.72 
2.42 
.42 
.06 

6016 
8.86 
L20 
.06 
2.14 
26.50 
6.01 
1.34 
L12 
2.01 
.46 
.06 

48.29 
10.62 
2.25 
.06 
1.19 
25.46 
6.31 
1.84 
1.36 
2.20 
.46 
.06 

60.10 
8.81 
1.44 

so! 

13.69 

a:t::::;;.::::::::;:: 

iSS 

26!  88 
6.21 
L47 
.96 
1.69 
.78 
.06 

1.24 
26.28 
6.95 
1.69 
.94 
3.35 

&;:::::::::::::: 

Ss 

SiO,            

1.20 

pSi-------------- 

.20 

"Si-^.-'r. 

loaoo 

47 

100.00 
217 

100.00 

:oo.oo 

100.00 
184 

100.00 

167 

100.00 

161 
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Although  the  tributary  waters  (which  should  include  the  waters  of 
the  Bavarian  lakes  as  given  in  a  previous  table)  show  great  differ- 
ences in  character,  the  regularity  exhibited  by  the  Danube  itself  is 
very  striking.  The  water  of  the  Danube  is  essentially  a  calcium 
carbonate  water,  but  the  sulphates  in  it  tend  to  increase  in  going 
downstream.  According  to  Wolfbauer,  the  river  carries  past  Vienna 
a  daily  chai^  of  25,000  metric  tons  of  matter  in  solution.  This  is 
equivalent  to  an  annual  load  of  9,125,000  metric  tons.  The  mechani- 
cal sediment  tramported  at  the  same  time  is  only  three-fifths  ap 
much. 

Analyses  of  a  few  more  waters  of  central  Europe  are  given  in  toe 
next  table.' 

Analytei  qfvxUtrJrom  central  Europe. 


A.  ThsWcMTMBskDin,  IlkOonNtNialioTBltaii 
nb).,  Bonoek,  ma.    Contaoiliutlan,  UiUIoTDtluir, 

B.  The  Oder  mar  Brealen.  Sample  taken  at  liigli 
Oderthalai,  etc.,  Le^ilg,  1QD7.  AnoUier  ample  at  li 
groond  and  veil  mtera  an  glveo. 

C.  TlieVMulaBtCuliii.    AnalTsb  by  O.  Bladiat,  Lehrbuoti  der 
logle,  ad  ed.,  m.  1, 1803,  p.  m. 

O.  Balaton-  oi  riatlemee,  'EnDtary.   Analfslg  by  L.  tob  noevay, 
~  '  a,  voL  1, 18B8,  p.  B.   Baduoed  Irom  blcatbooate  (arm. 


lb.     Utan  oI  two  analyses  by  F.  Seytnt, 

'Ident. 

tar.    Analysis  by  O.  Luedecke,  Dai  Was 

rater  shoved  oontamlnatlaiL    Otber  anal 


A 

B 

C 

D 

22.13 
22.77 
17.64 
18.50 
3.11 
10.25 
1.96 
3.75 

17.92 
23.60 
6.46 
28.09 
3.28 
6.45 
6.36 
6.67 

47.78 
9.49 
2.70 

28.62 
4.44 
1.57 
.39 
4.49 

}  - 

so! :::  ■:::"■:  "::":: 

ife .             ... 

100.00 

281 

100.00 
91.6 

100.00 
178 

100.00 

The  Balaton  Lake  has  an  exceptional  composition.  The  other 
analyses  in  the  table  are  of  minor  importance.  The  rivers  repre- 
sented by  them  need  more  study. 

1  For  thrM  smaO  lakaa  w«  Bella  and  Elsleban  aea  W.  Ule,  Die  Ifsnsfsldar  Smn,  Tna^.  Din.,  Halle, 
1888.  A  memofr  by  J.  WolS  (Cliemlsche  Analyse  der  «Icbtl^teu  FlQsse  und  Seen  UecUenbtngs,  Wies- 
baden, lSTl)aantalns  anolysasof  several  BmaUrlveis  and  lake,i.  Bee  also  A.  Jentuch  (AUiandL  E.  preun. 
[•oL  Tandewmtalt,  new  scr..  Heft  Si,  p.  W,  1813}  for  other  analyses  of  North  Oennau  lakes. 
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For  Swedeo  a  single  table  of  aaoljrses  must  suffice,  reduced  from 
the  data  given  by  O.  Hofman-Bang.'  The  month  in  which  the 
water  was  taken  is  given  for  each  analysis. 


Anafy$ei  of  Swtduh  viaUn. 


A.ThaBTikMtf,Ji]l7. 

B.  Tba  Klirdf,  AprO. 

C.  Tlia  EluVir,  October. 
I>.  The  Ljasnan,  lam. 


saw 

4.01 
4.76 


39.44 
6.86 
e.10 


4.57 

4.63 

Trace. 


.13 


14.96 

.61 

18.77 


8i(V 

(Alj'e),0,., 


6.42 
3.78 
19.17 
7.44 


9.06 
6.87 
13.70 


27.49 
1.69 
2.92 
2.36 
6.00 
2.67 


27.99 
2.11 
3.33 

L73 
6.19 
1.87 


100.00 
19.26 


100.00 
27.6 


loaoo 

26.6 


100.0 


100.00 
178.1 


The  remarkably  low  magnesia  and  high  proportion  of  alkalies  are 
cUstinctive  peculiarities  of  these  waters.  The  variability  of  the 
F3rriB  affords  another  good  example  of  the  fact  that  htUe  significance 
can  be  attached  to  a  single  analysis  of  a  river  water. 

iBDlLO«al.Iii*t.'Dii«alB,nLS,l«IB,p.  101.  laadditlimMbJsowiiwarktlicautliorcltssDthsriiul^Ma 
orBmdkhrlnriadiptliig  waun.  Solnnt  dMMHlMlao  In  NonlMkd  b*  oUnuitw  at  ■  metric  tona  per 
Himi*  kflanMtei,  gr  S.1  tons  per  square  mlla. 


,  Google 
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Of  Ruseian  fresh  waters  only  a  few  analyses  are  available,  as 
follows: 

Anafyttt  of  Ruuiaa  xBoten. 

A.  Tba  ADSmaae.   Umd  ol  tiro  uiitrsa. 

B.  TDa  B>blt«es. 

Analym  A  BDdB  by  7.  Lodwlg,  Die  SfliUoseen  d«  Rlgur  UeBrbaMm,  publUud  by  tbt  NatorlgtMiur- 
Varein  at  Riga,  ItlOS.  Tbb  memoir  coDtotns  uialyiM  ol  ZT  amall  lakes  sear  Riga  and  olose  to  the  OoU  ol 
Riga,    lloat  ol  them  an  of  calcium  carboniite  valais,  but  In  a  law  the  enliihals  fa  predamlaaiit. 

AnalyMaCloOareallbyC.  Schmidt  oIDorpat. 

C.  Lake  Ooega.    1(#1.  chlm.  pbyi.  Aoad.  St.  Petwitmrg,  toL  11, 1892,  p.  037. 

D.  Lake  Felpoa.  Bull.  Acad.  St.  FstoibOTE,  vid.  M,  1B7S,  p.  *S3.  Bohmldt  has  also  aoalyiad  waMr 
from  the  BmalliiTen  EmbaiA  and  Vellkaya,  trllHita>7  to  Lafc«  Pelpiu.  Bee  ilfi.  chlm.  Jihys.,  toL  S,  I8T3. 
p.*m. 

E.  Tha  DTbu  St  Arobuigel.    Analysb  cited  by  J.  RaOi,  AUgemetpa  chembcb*  Oaolocle,  ToL  1,  p.  U7. 

F.  River  Om  above  Omsk.    U&u.  Aead.  St.  PatenlHirg,  toL  20,  No.  *,  1S73. 
0.  Lake  Baikal,  Siberia.    SaauntereDCeasaaalysfa  B. 

H.  The  Dnlaater  neei  Odoaa.    AtuJytts  by  J.  Q.  N.  Dracendorff,  Jilmab.  Chemla,  IM3,  p.  Oi. 

FartlalaaalyaeeofaveFlimisbrh-eiBiidlake  waters  aragtvan  by  0.  AKhan,  Jour.  pnkt.  Qiemle,  Id  Mr, 
Tol.  77,  IBOS,  p.  172.  Foi  an  aitalyBle  ot  the  small  Lake  Ingol,  aovammeut  of  Yoi—ahk,  Siberia,  see  B.  8. 
Zalcafcl,  Cbem.  Zellmii,  vol.  10, 1802,  p.  HH. 


A 

B 

c 

D 

E 

F 

0 

B 

CO. 

61.80 
7.51 
2.99 

40.14 
23.46 
1.09 

2S.76 

6.36 

13.97 

4.11 

.47 

8.99 

6.86 

13.34 

9.62 

.11 

.56 

10.62 

59.67 
.62 
3.69 
.45 
.14 
26.54 
4.16 
2.75 
2.07 

26.38 
18.95 
17.71 

43.73 
2.15 
12.81 

49.86 
6.93 
2.44 
.21 
.72 
23.42 
3.67 
5.85 
3.44 

32.51 

eoi^^v::::;:::;:::; 

Cl.... 

po,';  .■:':::■:"::■■■ 

.29 

12.38 
7.58 
8.98 
6.66 

"ii.'24' 

9.68 
9.S4 
2.82 
Trwja 

23.57 
7.89 
2.18 
1.00 

27.10 
5.49 
.88 
.33 

ns: 

Bb 

NH, 

.10 

.78 

.08 
2,03 

1.61 

.67 
.88 

.84 
.65 
.13 

1.74 

6.61 

.43 

.14 

.44 

1.42 

1.4« 

^Sk"^   pe. 

100.00 
131 

100.00 
238 

100.00 
49.4 

LOO.  00 
106 

100.00 

187 

100.00 
447 

100.00 
«9 

100.00 
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LAKES  AND  RIVEB8. 
BITEBB  07  DISIA  AND  JAVA. 


Aualysee  of  Asi&tic  fr«eh  waters,  apart  from  the  two  Siberian 
examples  cited  in  the  preceding  table,  seem  to  be  very  rare.  A  few 
only  are  available  for  citation. 

Analytet  o/watenfiwR  ImKa  and  Jma. 


nr,  Jkn.  AiMlTili  b;  E.  C.  J.  ICcdir,  IfMtodMltaiui  Dap.  Ludboaw, 
Koi.  1,  BsI*tI^  IMS,  p.  SI.    Au)l^uialjifali(hnDaltlMrtrar  at  ■oatbM' point. 

C.  TlM  IbnwM.    AsalTBfe  by  Uoikr. 

S.  nt*  PA&Qumn.   Analysk  b;  Holu. 

Tlw  Iwt  twQ  tItsi  an  tiflnliite  of  tb*  S^oa.  U<ia  did  ant  datmnUw  ovbaoki  add.  It  k  bnv 
oaloilitad.  In  tli  ttma  malrm,  to  ttXMti  Inwii 


A 

B 

c 

D 

27.06 
1.08 
2.01 
7.44 
.72 

IK  78 
4.62 
6.92 
L«4 

33. 4G 

26.01 
14.78 
6.74 

29.38 
16.84 
6.61 

so!.v. !:!: 

po: 

1.64 
11.76 
3.46 
9.12 
3.37 
23.81 

}  .» 

L31 
14.69 
3.37 
4.96 
3.  S3 
19.66 

}  ■" 

ci!^v;.;:::;:::;:;:::::::;::;::::;::::::;::: 

ifc,.           

2.43 

SiO,                                            .      . 

17.26 

I    ■" 

.26 

loaoo 

86 

100.00 
122 

loaoo 

107 

100.00 

The  Mahannddy  riaee  in  a  region  of  igneous  and  ciyBtaQine  rocks 
and  its  silica  is  therefore  relatively  high.  The  same  appears  to  be 
lame  of  the  Javanese  livere. 
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KHB  Nn.B.< 

The  water  of  the  Nile  '  has  been  repeatedly  analyzed,  wiUi  vaiying 
resiilte.    The  best  data  are  as  follows: 

Ana^ta  of  water  from  Ihe  ffile. 

A.  The  Vlotoite  NiBiin.   AiulTib  by  O.  Chadwidc  and  B.  Blaunt,  Hlniitn  c<  Frao.  ImL  CMl  Bi«., 
mLW,p.3R,ie04. 

B.  Thk  WblU  HOa  naar  KtutUmn.    Avamg*  of  thra*  aiulTsa. 
.   ATerage  of  Uuea  uaiyan.   Analyias  B  and 


hl^., 


leoe. 


I  by  W.I 


D.  Avcrisa  at  13  uulyMS  Of  moithly  aaioplu,  takm  from  tba  lomr  NUa  betrasn  Juna  8,  1874,  aod 
Usr  13, 18TS.  tLjaiy^m  by  H.  L«UiBby,  cited  by  B.  Baka  In  Froo.  InaL  Civil  Eng.,  voL  GO,  1880,  p.  S7S. 
Thg  total  solids  oantalned  10.38  par  cvnt  of  cnanlo  matt«r. 

E.  Tba  Not,  Bbout  two  houn'  Joumsy  balow  Cairo.  Anilysli  by  O-  Tnpp,  LUbV  ^imalim.  ToL  US, 
1870,  p.  Sit.   Tbe  total  aoUda  ivint»hi»i  ij.03  per  orait  of  ogaulo  mattv. 


* 

B 

C 

D 

E 

42.10 
L92 
9.28 

42.97 
.25 
4.68 
.26 

4L74 
5.63 
2.19 
.11 

36.60 
17.44 
4  47 
Tnce. 
Tiace. 
20.10 
4.01 
3.04 
7.97 

sol:: ::':;:"::"::":': 

Toi:::'.'.'."'.'.\:"\' :"'.'.". 

6.96 
6.08 
25.13 

9.78 
3.00 

17.66 
fl.79 

14.72 

i8.38 
4.66 
6.43 
L32 

20.55 

iS"":;.v;       :' ■;:     : 

7.61 
192 

F^; 

100.00 
136 

100.00 

174 

loaoo 

130 

100.00 
168 

loaoo 

In  Letheby's  analyses  the  excees  of  potassium  over  sodium  is  very 
peculiar,  and  highly  improbable.  Numerous  partial  analyses  of 
Nile  water  cited  by  Lucas  discredit  the  determinations,  and  also 
show  that  the  composition  of  the  water  is  very  variable.  In  the 
White  Nile  the  proportion  of  sulphates  is  insignificant.  Beam 
accounts  for  the  latter  fact  by  suppo^ng  the  sulphates  to  be  reduced 
to  carbonates  by  the  organic  matter  of  the  "sudd."  South  of  tiie 
"sudd"  the  White  Nile  contains  appredable  sulphates;  after  leaving 
the  "sudd"  it  is  nearly  free  from  them. 

'  An  important  memoir  by  A.  Luosb  (Tbe  clumlttiy  ol  the  Rhcc  Nils;  Sumy  Dapt.  Papec  No.  13, 
HEoblry  of  Flnaooa,  Egypt,  IVOS)  contsfais  ntuch  diemka]  matttt  In  iddltlcoi  to  die  analyHB  idted  hen. 
A  Chftu  (Le  Nn,  le  Soudan,  I'^gypU,  Paris,  1891)  gfm some  T«ry  qucrtlanaUe  analysea  oI  the  Bhu  Nib, 
lheWhIteNlle,audtheNlIeiiearCaini.  AiEt)rdliiKtoCh«lntlierlra'«arTlnpaatCalroai)in>aIly51,43S,Kn 
melilD  Ions  of  mapeadml  Bolkls  and  20,773,400  metric  torn  tnaolutlaiL  On  nlCntia  in  the  NDe  eaa  A.  Ilonli, 
Compt.  Rend.,  toI,  lOT,  issa,  p.  231. 

■  Analyses  of  the  other  great  Alrlcan  rlTen  B«m  to  be  lackhig.  For  the  OrfUf  and  nferenoM  to  ram* 
uullei  Algeilan  itieams  see  p.  e7  of  this  bulletin. 
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ORGANIC    MATTEK   IN   WATERS. 

Up  to  this  point  we  have  considered  only  the  fixed  inoi^^anic 
matter  found  in  natural  waters;  but  other  impurities  which  have 
geological  significance  are  also  present.  All  such  waters  contain 
dissolved  gases,  especially  oxygen,  nitrogen,  and  carbon  dioxide,  and 
sometimes  hydn^en  sulphide.  The  rain  brings  also  nitric  acid  and 
ammonia  to  the  soil,  and  so  into  the  ground  water;  and  organic 
substances  are  invariaUy  found  in  it  in  greater  or  smaller  quantities. 
These  gases  and  compounds  interact  in  a  great  variety  of  ways,  and 
directly  or  indirectly  play  aa  important  part  in  the  decomposition 
of  rocks.  We  have  already  noted  the  importance  of  carbonic  acid 
as  a  weathering  ^ent,  we  have  seen  in  a  previous  chapter  how  dis- 
solved air  represents  a  concentration  of  oxygen,  but  so  far  the 
oi^anic  matter  of  water  has  been  tacitly  ignored.  Its  quantity,  in 
percentages  of  total  sohds,  can  be  computed  in  some  cases  from 
published  analyses.     A  few  of  the  available  figures  are  as  follows: 

Perteniagt  of  organic  matter  in  the  diuolved  toJAit  ofrivtr  waten. 

Duinbe 3.26 

Junea 4.14 

Haumee. 4.56 

Nile mse 

Hudwm IL  42 

Rhine lLfl3 

Ciiinb«UiuJ 12.08 

Thames 12.10 

0«D«eee 12.80 

The  range  of  figures  is  rather  wide,  but  the  highest  values  represent 
tropical  streams.  That  is,  leaving  artifi<ual  pollution  out  of  account, 
waters  flowing  through  tropical  swamps  carry  the  laigest  proportion 
of  organic  matter.  liough  Neagh,  in  Ireland,  doubtless  shows  the 
effects  of  bog  water. 

The  organic  matter  is  derived  from  the  decay  of  v^etable  sub- 
stancea,  and  by  further  oxidation  may  be  converted  into  carbonic 
add  and  water.  Its  chemical  constitution  is  not  completely  known, 
but  it  consists  in  part  at  least  of  a  vague  group  of  colloidal  sub- 
stances, whose  precise  nature  is  yet  to  be  made  out.  They  appear  to 
possess  feebly  acidic  properties,  and  have  therefore  received  specific 
names,  humic,  crenic,  apocrenic,  and  ulmic  acids,  which  terms,  how- 
ever, if  not  actually  obsolete,  are  at  least  obsolescent.  The  salts  of 
tixeee  "acids"  are  partly  soluble  and  partly  insoluble,  and  the  acids 
titemselves  are  commonly  reputed  to  be  powerful  agents  in   the 


16.05 

Mohawk 15.34 

Delaware 16.00 

Lough  Neagh 16.40 

Xinga 20.63 

TapftjOB 24.16 

Plata 49.60 

N^TO 63.80 

Uruguay 59. 90 
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Bolution  of  rocks.'  The  humus  acids  are  said  to  decompose  oHicatee,* 
but  the  evidence  is  contradictory  or  at  best  inadequate.  Hie  state- 
ment, long  current  in  chemical  and  geological  literature,  that  the 
adds  absorb  nitrogen  from  rain  water  and  the  air,  and  silica  from  ibe 
soil,  forming  a  series  of  sUico-azohumic  acids,  rests  upon  the  unsup- 
ported assertions  of  P.  Thenard,*  who  gives  no  adequate  experimental 
data  to  sustain  bis  views,  which  need  not  be  considered  further. 
The  observed  facts  are  capable  of  much  simpler  interpretation, 

A  comparison  of  the  preceding  table  with  the  analyses  of  river 
waters  generally,  vriU  show  that  waters  relatively  high  in  oi^anic 
matter  are  likely  to  be  high  in  sUica  also.  From  this  it  has  been 
inferred  that  the  organic  matter  holds  the  silica  in  solutionj  although 
the  connection  between  the  two  is  not  invariable.  The  rivers  of 
British  Guiana  and  the  Uruguay  are  so  far  the  extreme  examples  of 
this  supposed  relation,  and  the  other  tropical  streams  lend  support  to 
the  view.  The  humus  acids,  however,  are  almost  insoluble  in  water 
alone,  but  readily  soluble  in  alkaline  solutions.  It  appears  possible, 
therefore,  that  the  alleged  relation  between  hmnus  and  silica  is  purely 
coincidental  and  that  the  alkalies  in  the  first  instance  are  the  really 
effective  solvents.  There  is  no  proof  that  humus  acids  can  dissolve 
silica  when  alkalies  are  absent.  As  colloids  they  are  more  likely  to 
precipitate  silica  than  to  bring  it  into  solution.  On  oxidation,  how- 
ever, they  yield  carbonic  acid,  and  that  in  aqueous  solution  is  an 
active  disintegrator  of  rocks. 

In  fact,  the  amount  of  siUca  in  a  water  b  quite  independent  of 
oiganic  matter.  Many  small  streams,  near  their  sources,  especially 
if  they  rise  from  cr3^talline  rocks,  carry  a  large  relative  proportion 
of  sihca,  although  its  absolute  amount  may  be  trivial.  This  pecu- 
liarity is  shown  io  many  of  the  analyses  cited  in  the  preceding  pages, 
and  is  BO  marked  that  a  water  low  in  salinity  but  relatively  high  in 
silica  and  alkalies  may  almost  certainly  be  attributed  to  igneous 
rather  than  to  sedimentary  surroundings.  This  silica  is  directly 
derived  from  the  rocks  at  the  time  of  their  decomposition,  by  car- 
bonated waters,  and  forms  a  large  part  of  the  material  which  is  at 
firet  taken  into  solution.  The  seep^e  or  ground  water  which  after- 
ward enters  the  streams  is  much  poorer  in  sOica,  and  so  the  propor- 
tion of  the  latter  tends  to  diminish  as  a  river  flows  toward  the  sea. 

■  B«a  A.  A,  Jalhn,  Pnc.  Am,  Anoo.  Adv.  BcL,  Tcd,  38, 1879,  p.  311.  On  tli«  orgaolo  matUr  of  mtttn 
laTlttlaiid,  uaO.  Aschan,  ZcKscOir.  prakt.  OeologlB,  TOl.  IS,  Iflol,  p.  U.  Onlhs  chamlcal  nUui*  cJ  tlie 
ocgsnio  nutter  Id  sails,  see  O.  Bdmlner  uid  E.  0.  Bbtnj',  Bull.  Bui.  SoDs  No.  74,  V.  B.  Dept.  Age.  aes 
■Iw  8.  OddD,  Ark.  Badl  Hln.  OmL,  Td.  t.  No.  as,  IBU,  ud  S.  L.  JodUI,  lom.  FnmUin  Inst.,  toL  17^ 
p.fW,iei3. 

>  A.  Rodiyui^,  Joui.  Chem.  Soc.,  vol.  fS,  pt.  !,  18M,  p.  1S73.  Abetract  Erom  Jaai,  Rma.  Qum.  Soo^ 
vol. »,  p.  IDS. 

■  Coim.  B«ad.,  VOL  70,  isn,  p.  UiX 
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CONTAMINATION  BT  SOMAN  AGENCIES. 

In  any  complete  discussion  of  river  waters  account  must  be  taken 
of  contamination  by  human  agencies.  Towns  and  factories  drain 
into  the  streams,  and  the  extent  of  the  pollution  is,  for  our  immedi- 
ate purposes,  best  measured  by  the  proportion  of  chlorine.  A  good 
example  is  furnished  by  the  Chica^  drainage  canal,  which  empties 
into  the  Desplaines  River  and  thence  passes  through  the  Illinois 
Kiver  into  the  Mississippi.  For  the  waters  thus  affected  there  are 
abundant  data,  and  the  samtary  analyses  by  tiie  late  A.  W.  Palmer 
are  espedaUy  valuable.'  His  annual  averages  for  1900,  represmt- 
iog  Illinois  River,  are  stated  below;  the  percentages  have  been  calcu- 
lated by  me.    The  localities  are  airanged  in  order  downstream. 

ChlorvM  in  JUtnoti  and  Miuiiiippi  riven. 


niiiKds  Biveo— 

AtMonia 

At  Ottawa 

AtLaeaUe 

At  Averyville 

At  Havana 

At  EampevUle 

At  Grafton 

Uusiasippi  River  at  Giaf ton 


The  decrease  in  the  proportion  of  chlorine  as  we  follow  the  Illinois 
downstream  is  most  striking;  but  even  more  surprising  are  the  data 
concerning  the  Mississippi  a  HttLe  farther  south,  at  Alton.  Here 
samples  were  taken  100  feet  from  the  lUinois  shore,  one-fourth  t^e 
distance  across,  in  midstream,  three-fourths  over,  and  100  feet  from 
the  Missouri  shore.  The  figures  represent  averages  covering  periods 
of  from  nine  months  to  neaily  the  entire  year  1900. 

Chlonne  in  MUiiuippi  River  at  Alton,  III. 


-at, 

Mdldi. 

CUottot. 

194.1 

182.8 
160.6 
155.0 

154.2 

7.7 
7.1 
4.4 
4.1 
3.5 

PtrcMt. 

3.87 

Midstream            

2.65 

>  Qumleil  BDTTBr  of  Uu  mtui  of  QUDOli,  UO? 

lHB,UiilT.I 

llil»ll,UIS. 

..Google 


110  THE  DATA  OF  0EOCHEMI8TBT. 

The  influence  of  the  Ulinoia  River  on  the  eastern  side  of  the  & 
sippi  is  perfectly  evident.  The  chief  cause  of  the  diminution  of 
chlorine  in  the  lUinois  is,  of  course,  the  dilution  of  the  water  by  other 
less  contaminated  sources  of  supply.  In  the  Kankakee  at  Wilming- 
ton the  proportion  of  chlorine  during  tiie  same  period  was  only  1.21 
per  cent,  and  in  the  Fox  River  it  was  1.98  per  cent,  calculatod  from 
the  total  matter  in  solution.  The  Kankakee  and  Fox  livers  represent 
an  approximation  to  the  normal  chlorine  of  the  region;  the  Illinois, 
into  which  they  flow,  shows  the  ex^geration  produced  by  artifiiual 
meKDB.  Near  the  ocean  the  normal  chorine  in  fresh  waters  is  much 
higher  and  the  effects  of  pollution  are  less  conspicuous  than  in  inland 
streams.* 

GAINS   ANU    LOSSES    IN  WATERS. 

In  freah-wster  lakes  and  rivers  the  salinity  is  naturally  low — that 
is,  their  waters  are  very  dilute  solutions,  which  do  not  approach  the 
point  of  saturation  for  even  the  less  soluble  of  their  constituents. 
The  relatively  insoluble  carbonates  of  calcium  and  magnesium  are 
held  in  solution  by  the  excess  of  carbonic  acid  which  is  always 
present,  and  are  therefore  to  be  regarded,  while  dissolved,  as  bicai- 
bonates.  Without  this  solvent  much  of  the  load  would  be  deposited, 
as  indeed  it  is  by  fJie  evaporation  of  percolating  waters  in  limestone 
caves,  when  stalactites  and  stalagmites  are  formed.  In  a  flowing 
river,  which  continually  receives  carbon  dioxide  from  the  air  and 
from  decaying  v^etation,  such  depositions  are  not  likely  to  occur, 
at  least  not  to  any  notable  extent;  but  when  pools  are  left  from  an 
overflow,  incrustations  of  sohd  matter  may  soon  form.  The  sedi- 
ments found  in  streams  are  mostly  claylike  in  character,  and  rarely 
contain  any  conspicuous  proportion  of  carbonates  or  sulphates.  Liv- 
ing organisms,  especially  corals,  mollusks,  and  some  aquatic  plants, 
withdraw  calcium  carbonate  from  solution;  but  how  great  their 
influence  may  be,  relatively  to  an  entire  flow,  we  have  no  means  of 
estimating.  Many  agencies  thus  combine  to  modify  the  composition 
of  a  water,  but  the  relative  magnitude  of  the  sevo^  factors  can 
hardly  be  determined.  The  waters  gain  and  lose  soUd  matter,  but 
on  the  whole,  as  we  follow  a  stream  downward  in  its  course,  the 
gains  exceed  the  losses.  When  we  exclude  the  elements  of  dilution 
by  tributaries  and  the  variations  in  concentration  between  high  and 
low  stages  of  water  we  find  that  salinity  generally  increases  until  a 
river  reaches  the  sea. 

Speaking  broadly,  lake  and  river  waters  may  be  divided  into  two 
great  classes — namely,  sulphate  and  carbonate  waters,  according  as 


LAKES  AND  BIVBKS.  Ill 

carbonic  or  sulphuric  ions  predominate.  The  classification  can  be 
still  further  subdivided  with  reference  to  the  abundance  of  chlorides 
or  of  sUica,  and  egiun  with  regard  to  bases;  but  the  two  main  divi- 
sions still  hold.  iSmt  river  waters  are  either  carbonate  or  sulphate 
in  type,  and  we  have  aheady  seen  how  climatic  considerations  deter- 
mine, in  part  at  least,  the  chemical  character  of  a  stream.  The  car- 
bonates are  derived  from  the  carbonic  acid  of  rain  or  from  that 
produced  by  organic  matter,  which  may  act  either  upon  crystalline 
rocks  directly  or  b  j  solution  of  limestone.  The  sulphates  originate 
in  the  oxidation  of  pyrite  or  by  the  solution  of  gypsum,  and  the 
two  classes  of  watcra  are  almost  invtuiably  commingled.  Carbonate 
wateis  are  by  far  the  most  common,  a^  the  cited  analyses  show,  and 
the  reasons  for  this  fact  have  already  been  made  clear.  We  have 
also  seen  how  a  river  can  change  its  type  in  flowing  from  one  point 
to  another,  and  we  hare  noted  the  probability  that  this  transforma- 
tion is  conunonly  due  to  the  blending  of  streams,  or  even  to  the 
accession  of  ground  waters.  One  other  point  in  this  connection  re- 
mains to  be  noted — ^namely,  the  possible  influence  of  micro-organi^ns. 
It  is  more  than  probable  that  these  minute  creatures,  acting  in  pres- 
ence of  other  o^anic  matter,  may  reduce  sulphates,  with  elimination 
of  hydit^en  sulphide  and  the  formation  of  carbonates  in  their  stead. 
That  reactions  of  this  kind  occur  in  saline  and  brackish  waters  seems 
to  be  well  established.^  A  suggestive  instance  came  within  the  expe- 
rience of  the  United  States  Geological  Survey.  A.  quantity  of  water 
rich  in  sulphates,  from  one  of  the  alkaline  lakes  of  California,  was 
sent  to  the  laboratory  in  a  wooden  barrel.  When  received,  the 
water  had  become  fetid  with  hydrogen  sulphide  and  discolored  by 
extract  from  the  wood — so  much  so  as  t<>  be  unfit  for  analysis. 
How  far  such  changes  may  occur  in  nature,  especially  in  swamp 
waters,  remains  to  be  determined.  At  all  events,  the  possibiUty  of 
similar  transformations  can  not  be  ignored.  That  bacteria  are 
active  agents  in  precipitating  calcium  carbonate  is  well  known;  but 
that  subject  will  be  considered  more  fully  in  another  chapter. 

CHEMXCAI.  DENUDATION. 

Now,  to  sum  up:  A  river  is  formed  by  the  union  of  waters  from 
many  sources,  and  each  one  owes  its  peculiarities  to  the  conditions 
existing  at  its  starting  point.  Carbonic  acid,  either  of  atmospheric 
or  of  organic  origin,  is  the  most  abundant  and  generally  the  most 
potent  of  the  agents  that  dissolve  mineral  matter  from  the  rocks. 
Hence  carbonate  waters  are  the  commonest,  and,  as  streams  blend 
to  form  the  great  continental  rivers,  the  carbonate  type  tends  to 
become  more  and  more  pronoxmced.    In  the  temperate  zone,  at 
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least,  the  lai^er  streams  resemble  one  another  chemically,  and  seem 
on  the  average  to  do  pretty  much  the  same  chemical  work  in  pretty 
much  the  same  way.  The  composition  of  their  waters  gives  a  meaa- 
ure  of  the  effects  which  they  have  produced;  and  if  the  data  were 
adequate  the  study  of  chemical  denudation  would  be  both  profitable 
and  easy.  But  the  data  are  not  adequate,  except  for  cert^  areas, 
and  thu«f  ore  any  estimate  which  may  be  reached  as  to  the  quantity 
of  solid  matter  annually  carried  in  solution  by  rivers  to  the  sea 
must  be  subject  to  future  revision.  It  is  clear  that  an  analysis  of 
river  water,  taken  at  a  single  point  and  at  one  stage  of  concentra- 
tion, tells  us  little  or  nothing  of  what  the  stream  as  a  whole  may  do. 
Annual  averages  of  water  taken  near  the  mouths  of  rivers  are  needed 
before  the  problems  of  chemical  denudation  can  be  even  approxi- 
mately solved. 

For  example.  Sir  John  Murray '  has  computed,  by  averaging  the 
analyses  of  19  rivers,  not  only  the  total  amount  of  saline  matter 
carried  annually  to  the  ocean,  but  also  its  composition.  But  his 
estimate,  published  in  1887,  was  based  almost  necessarily  upon  Euro- 
pean data  and  to  a  large  extent  upon  inconclusive  analyses.  Evi- 
dence as  to  the  diemical  character  of  the  greater  American,  African, 
and  Asiatic  streams  was  then  practically  unobtainable,  and  therefore 
the  computation  was  only  a  rough  indication  of  what  the  truth  may 
be.  Data  from  all  the  greater  river  hasins  of  the  world  are  required 
before  we  can  determine  the  full  significance  of  chemical  denudation. 

The  problem,  however,  is  not  entirely  hopeless.  It  can  he  attacked 
locally,  with  reference  to  specific  areas,  and  a  fairly  probable  approxi- 
mation to  the  truth  can  be  made  from  the  evidence  which  now  exists. 
T.  MeHard  Beade,*  for  instance,  in  a  well-known  investigation,  has 
calculated  the  amount  of  sohd  matter  annually  dissolved  by  water 
from  the  rocks  of  England  and  Wales.  Putting  the  average  salinity 
of  the  waters  at  12.23  partsin  100,000,  he  estimates  that  the  total 
annual  run-off  from  the  area  in  question  carries  in  solution  8,370,630 
tons  of  dissolved  mineral  matter,  or  143.5  tons  from  each  square  mile 
of  surface.  At  this  rate,  by  the  solvent  action  of  water  alone,  tiie 
level  of  England  and  Wales  would  he  lowered  1  foot  in  12,978  years. 
Beade  aUo,  from  such  data  as  he  could  obtain,  for  the  most  part  single 
analyses,  made  sunilar  hut  rough  estimates  for  several  European 
river  basins,  which,  in  British  tons  per  squiu-e  mile,  may  be  tabulated 
as  follows : 

Rhone 232  I  Seine 97 

THiameB 149     Rhine 9^3 

Garonne H2  |  Danube 72.7 

1  ScottUi  Oeog.  Ibg.,  vol.  S,  ISST,  p,  O. 

>Proc.LtTtipoOiaeiil.aoa.,T<fl.  3,1870-77,  p.  311.   B^rlntod  nmiBr  ttw  tttto  "QMmltrt  denndtlMi  in 

nL&tloD  to  guiatlial  time." 
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The  average  for  tlie  entire  land  suifftce  of  the  globe  he  put  at  100 
tons  per  square  mile,  a  figure  that  was  not  much  better  than  a  gueas.' 

Prom  investigations  made  in  the  water-resourcea  branch  of  the 
United  States  Qeoli^cal  Survey,  lower  figures  are  obtained.  By 
combining  the  results  of  careful  river  gaging  with  the  data  for  salinity 
as  determined  in  the  laboratory,  it.  B.  Dole  and  H.  Stabler  *  have 
deduced  a  table,  of  which  the  following  is  an  abridgment.  The 
Great  Basin  and  the  Red  River  of  the  North  are  here  left  out  oi 
account. 

Chtmieal  denudation  in  the  United  Statet. 


DislnacauM. 

Amadnibwd 
(squire  mU«). 

DlnolvBlsclidi 

TUni^h    tfLntin 

169,400 
123, 9W 
142,100 
315,700 
1, 265. 000 
175,000 
230,000 
72!  700 
270,000 

Wortera  Gull  of  Mexico 

2, 753, 800 

■  Short  tcD><i<  1,400  poancb.    The  iii«trlot(xi«qiials2,3U  pounds. 

For  the  entire  United  States,  3,088,500  square  miles,  regarding 
the  denudation  of  the  Great  Basin  as  zero — that  is,  as  not  con- 
tributory to  the  ocean — the  average  denudation  is  estimated  by  Dole 
and  Stabler  as  87  short  tons,  or  78.9  metric  tons  per  square  mile,  a 
figure  which  is  not  likely  to  be  much  changed  by  future  investigations. 
It  refers,  however,  only  to  inorganic  matter.  If  organic  impurities 
are  included  it  should  be  increased  by  perhaps  10  per  cent;  that  is, 
to  86.8  metric  tons  per  square  mile.  The  variation  in  the  denudation 
factors  assigned  to  the  several  areas  is  quite  important.  The  Colo- 
rado drains  an  arid  region,  and  much  of  the  area  ascribed  to  the 
river  adds  little  or  nothing  to  it.  The  humid  basin  of  the  St.  Law- 
rence, on  the  other  hand,  is  a  liberal  contributor  of  saline  substances. 
The  Mtssiasippi,  witil  humid  n^ons  to  the  east  and  semiarid  plains 
to  tiie  west,  shows  an  intermediate  figure  for  tho  chemical  erosion, 

<  Fcr  ottMr  tf^fr*lt^rr  of  tht  HiMaltt  itf  malnU  cairled  by  vsrldui  rlvsii,  »s  A.  OaDils,  Text-boiA  ol 
BMlilE7,  4th  ed.,  T<4. 1,  VM,  p.  US.  Tba  Thames,  Tot  example,  carrln  In  s<diitlcci  past  Kingston  648,230 
tmatOzBdliurpiilomattKtnaTen.  Sea  also  the  Itwals  oC  A,  F.  WblW  oo  tha  waten  of  Kockbildgg 
Coontj,  VkfliiUCWiahlDEfam  and  Laa  Uatr.,  ItOS).    Thla  thceii  deals  with  Ncrth  Klvar,  ■  tilbulsr?  ot 

■  Watv.Siviilr  VMptr  V.  B.  OecA.  BDmy  No,  134, 190S,  p.  78.  The  figuna  ara  eiven  in  much  gmtei 
dalalltlanlapaotleablelura.  Seine  of  the  aieas,  eta.,  dlllsiall^Ur  from  thoae  cited  In  pnTtoos  page* 
ofthlabook;  tmtthadltterenceaaretrlTlalaiiddoiiotappraclablraOeottbeflmtlnealt.  The i«oant (leit) 
data nUtiT*  to  tba  Colnmbta  Hirer,  aUi,,  ara  Dot  bidadad  In  this  aatimUe. 
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For  the  rest  of  North  America  only  a  rough  estimate  is  possible. 
The  analyses  of  Canadiaii  rivers  given  in  previous  pages  indicate  an 
average  composition  and  salinity  much.  Hke  that  of  the  St.  Lawrence. 
For  Mexican  and  Central  American  rivers  no  data  are  at  hand,  but 
it  is  probable  that  for  northern  Mexico,  at  least,  they  would  resemble 
those  of  Texas,  New  Mexico,  and  Arizona.  That  is,  the  waters  north 
of  the  United  States  and  south  of  it  vary  from  the  mean  found  for 
the  United  States  in  opposite  directions,  and  so  tend  to  balance 
each  other.  In  short,  the  average  for  the  United  States  probably 
represents  fairly  well  the  average  for  the  entire  continent.  If  we 
assume  that  six  milhons  of  square  nules  in  North  America  lose  79 
metric  tons  in  solution  per  square  mile  per  amium,  and  that  the 
composition  of  the  saline  matter  so  transported  is  that  found  for 
the  United  States  alone,  we  shall  be  fairly  near  the  truth. 

Evidence  for  South  America  is  very  scanty.  On  the  basis  of 
Frankland's  analysis,  Reade '  estimates  the  denudation  factor  of 
the  Amazon  at  50  tons  per  square  mile.  Using  the  same  analysis, 
and  Murray's  estimate  of  the  total  run-off,  I  find  that  53  tons  ia 
rather  more  probable.  Similar  estimates  for  the  Uruguay  and  the 
Negro  give  a  factor  of  50  tons.  About  four  millions  of  square  miles 
in  South  America  may  be  assigned  the  latter  figure,  with  a  reasonable 
d^ree  of  probability.  The  Amazon  dominates  the  entire  combina- 
tion, and  its  low  salinity  is  due  to  the  fact  that  it  drains  a  v&st  tropical 
forest,  which  is  thoroughly  leached.  Through  much  of  its  course  it 
has  scanty  access  to  fresh  rocks  and  therefore  finds  but  little  material 
to  dissolve.  Large  areas  in  South  America,  like  western  Peru  and 
central  Argentina,  contribute  nothing  to  the  ocean  and  count  for  zero 
in  measuring  chemical  denudation.' 

Some  figures  relative  to  European  waters  have  already  been  given. 
According  to  Qeikie  the  Thames  carries  in  solution  past  Kingston 
548,230  British,  or  556,930  metric  tons  of  inoi^anic  matter  annually. 
The  drainage  area  is  6,100  square  miles,  hence  a  denudation  factor 
of  91.3  metric  toi^  per  square  mile.  For  the  Meuse  above  Liege 
the  figures  published  by  Spring  and  Frost  give  a  factor  of  139  tons. 
In  Sweden  the  chemical  denudation  is  much  smaller,  but  seems  to 
have  been  estimated  for  only  a  very  limited  area.  Reade's  estimate 
for  all  Europe  is  100  tons  per  square  mile,  and  that  seems  to  be 
fairly  probable.  For  Europe,  then,  I  shall  assume  that  3,000,000 
square  miles  suffer  solvent  denudation  at  the  rate  of  100  tons  per 
mile,  a  figure  which  is  not  far  from  that  assigned  to  the  Laurentlon 
Basin.    Europe  is  generally  well  watered,  and  its  waters  have  all  the 

1  ETolatlon  of  earth  sCnictum,  London,  IWa,  pp.  25S-28Z. 

1  Tha  ilTan  or  Brithh  Ouisoa  ve  Dot  Included  In  tbJs  dtscusilan,  whkh  «w  oompleCed  betOn  tbab- 
■oalyses  wtra  nude. 
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characteristics  of  those  from  the  humid  are&s  of  the  United  States. 
In  the  latter  the  denudation  factor  is  lowered  hj  the  arid  regions  of 
the  Southwest. 

The  African  material  is  very  imperfect.  According  to  Chflu,'  the 
Nile  carries  20,772,400  metric  tons  in  solution  annually.  This,  for 
an  oetensihle  drainage  basin  of  1,293,050  square  miles,  ^ves  a  denu- 
dation factor  of  only  16  tons.  Much  of  northern  Africa  resembles 
the  VaUey  of  the  Mile  so  far  as  denudation  is  concerned.  We  may 
safely  assume  that  1,500,000  square  milee  are  represented  by  the 
Nile,  and  also  that  6,500,000  are  equivalent  in  character  to  South 
America  with  its  tropical  streams.  The  desert  r^ons,  like  the 
Sahara,  of  course,  are  negligible. 

The  data  relative  to  Asiatic  waters  are  even  more  defective.  The 
water  of  Lake  Baikal  resembles  that  of  the  St.  Lawrence,  while  the 
Mahanuddy  has  ihs  peculiarities  of  tropical  rivers.  With  these 
feeble  cluee  I  can  only  make  a  very  rough  estimate  for  Asia,  as 
follows:  Assimie  3,000,000  square  milee  to  average  hke  Europe, 
3,000,000  like  the  United  States,  and  1,000,000  like  South  America. 
Large  areas  in  Asia  are  obviously  left  out  of  consideration—the 
Caspian  depression,  the  central  deserts,  and  the  Arabian  peninsula. 
The  streams  reaching  the  sea  from  Arabia  are  too  small  to  carry 
any  weight  in  the  general  discussion. 

To  sum  up,  ihe  crude  figures  for  chemical  denudation  are  as 
follows: 

North  America 6,00D,0Waquaie  milMftt  79  tons 474,000,000  tons 

South  Aroeiica 4,000,000  square  miles  at   60  tons 200,000,000  tons 

Europe 3,000,000  squue  milee  at  100  tons 300,000,000  tons 

Asia 7,000,000  square  miles  at    M  tons 588,000,000  tons 

A&ica. 8,000,000  square  miles  at  44  tons 352,000,000  tons 

28,000,000  square  miles  at  68. 4  tons. .  1,914,000,000  tons 

The  incompleteness  of  the  foregoing  figures  ia  due  to  the  fact  that 
laige  areas  of  land  either  do  not  <h'ain  into  the  ocean,  or  add  little  or 
nothing  to  it.  The  total  land  area  to  be  considered — that  is,  the 
area  wluch  contributes  to  the  salinity  of  the  ocean — ^ia,  according  to 
Murray,  39,697,400  square  miles,  or,  in  round  numbers,  40,000,000. 
AafliimiTig  that  the  figures  so  far  given  represent  a  fair  average,  the 
amount  of  saline  matter  carried  into  the  ocean  by  the  river  drainage 
of  the  world  is  2,735,000,000  metric  tons  annually,  an  estimate  only 
a  little  more  than  half  that  given  by  Murray.'  The  rivers  studied  by 
Murray  must  have  been  for  the  most  part,  if  not  exclusively,  in  the 
Temperate  Zone,  where  alternations  of  freezing  and  thawing  tend  to 

U  Nil,  to  Boddan,  filgrpta,  Pub,  IWI. 

>FU'iiiond«taaiwlthraIsraa<»tothB)aoampulattoiiB,Mer.W.C9aTlM  ApndlmlDKr  study  of  diem- 
f~l  ■«"""'•*'""-  Bmtthwmlm  HfK.  ColL,  toL  «,  No.  S,  ISIO. 


^d  by  Google 


116  THE  DATA  OF   GEOCHEMISTBY. 

break  up  the  rocks  and  bo  to  render  them  more  easily  decomposed 
by  percolating  waters.  With  even  moderate  hmnidity  the  activity 
of  the  waters  is  great,  and  large  amounts  of  material  are  transported 
by  them.  On  the  other  hand,  Arctic  rivers  flow  to  a  noteworthy 
extent  over  tundra,  which  is  h-ozen  during  the  greater  part  of  the 
year.  They  therefore  have  comparatively  small  influence  in  rock 
solution,  and  much  of  their  flow  must  be  mere  surface  run-off.  The 
low  salinity  of  tropical  streams  has  already  been  noted.  The  total 
amount  of  chemical  denudation  depends  upon  the  balancing  of  these 
varying  tendencies. 

With  the  aid  of  the  foregoing  estimates,  and  of  the  analyses  cited 
in  this  chapter,  a  probable  average  can  be  computed  for  the  compo- 
sition of  the  fresh  waters  of  the  globe.  Such  an  average  is  shown  in 
the  noxt  table. 

Average  eomporition  of  river  and  lalx  watm. 

A.  Wat«n  ol  Hralli  Amerlra.  Avetagc  oompnted  from  the  dais  glvtn  b;  Dolain  Watei-Sufqdy  PipK- 
3M,  UMl  bf  Dole  and  Stabler  in  Watei-Snpply  Papar  2U.  Eadi  analyBla  Is  vslglitcd  prDparUonatalr  to 
tilt  total  amount  otiniMrial  Minimlly  canted  by  therlyer.  The  alkalies  an  Klvan  with  Palmar'sdatwalilB- 
tlons  of  potassliim. 

B.  Waters  of  Soalh  Amerloa.  Average  made  ap  fiom  tbe  cited  analyses.  WBl|dil«d  u  Mlawl:  Amaun, 
12;  Umsoar,  li  Negro,  1;  sll  smsUer  streams,  2.  TheRlodelaPlatakleftaatolaooount.litthelindTHB 
are  not  ooneluslve. 

C.  Waters  of  Bunpa.  AvaraeeDf300aualr«eaafrlveraDdlakeTaI«ni,tlnitbr  gronps.ud  tbenml^t' 
tag  each  group  propinltonatelj  to  \Xi  drainage  area. 

D.  Wtlers  of  AglB.  Hade  up  of  Che  aTBingaa  A,  B,  C,  velghted  3  :S  ;  las  explained  tn  a  prerlixii  pw»- 
paph. 

E.  Walera  of  Africa.  Hade  Dp  of  tbe  average  tbftlie  Nile  and  (hat  Ibr  South  Antericaaa  already  described. 

F.  Oeueial  average,  !□  which  each  ot  the  foregoing  averagea  Is  valeted  pnipiirUonally  to  the  nnmbar  ot 
tons  given  In  the  preceding  table. 

a.  Blr  John  Uunaj's  average  oompoiltlan  of  river  inter  [Soottbh  Oaog.  Uag.,  vol.  3,  WXT,  p.  (S), 
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The  general  mean  F,  r^ardless  of  corrections  to  be  considered  later, 
is  curiously  near  the  average  figures  for  three  great  rivers,  the  Missis- 
sippi, the  Amazon,  and  the  Nile.  It  may  be  too  high  in  silica,  but 
on  the  whole  it  is  as  near  the  truth  as  can  be  determined  with  ATJating 
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data.  Analyses  of  the  greater  riverB  of  Asia  and  Africa  may  modify 
it  slightly,  hat  the  order  of  magnitudes  shown  by  the  several  radicles 
ia  not  likely  to  be  changed. 

Kecurring  now  to  Reade's  estimate  of  chemical  denudation  in  Eng- 
land and  Wales,  a  rate  of  one  foot  in  12,978  years,  the  new  data  may 
be  applied  to  a  similar  discussion  for  the  entire  land  surface  of  the 
globe.  For  the  United  States,  excluding  the  Great  Basin,  the  denu- 
dation factor  of  79  tons  per  square  mile  per  annum  gives  for  a  lower^ 
ing  of  one  foot  23,984  years.  For  South  America  the  figures  are  50 
tons  and  37,896  years;  for  Europe,  100  tons  and  18,948  yeara,  and  for 
the  Nile  Valley,  16  tons  and  118,424  years.  For  the  entire  40,000,000 
squaremilesof  land  the  average  values  are  68.4  tons  and  27,700  years; 
estimates  that  are  subject  to  corrections  of  a  kind  which  Reade  did  not 
take  into  consideration. 

On  critical  examination  of  the  data  it  is  dear  that  the  total  appar- 
ent amount  of  solvent  denudation  is  not  a  true  measure  of  rock 
decomposition.  In  the  general  mean  of  all  the  river  analyses  now 
under  discussion,  0.90  per  cent  of  NO,  and  35.15  per  cent  of  CO, 
appear.  The  NO,  came  entirely  or  practically  so  from  atmospheric 
sources;  the  CO,  was  derived  partly  from  the  atmosphere  and  partly 
from  the  solution  of  limestones.  Dealing  now  only  with  the  existing 
discharge  of  rivere,  we  must  subtract  those  atmospheric  additions 
from  the  total  annual  load  of  dissolved  inorganic  matter  before  we 
can  compute  the  real  amount  of  rock  denudation. 

The  land  surface  of  Ae  earth  is  covered,  nearly  enough  for  present 
purposes,  by  75  per  cent  of  sedimentary  and  25  per  cent  of  igneous 
and  crystalline  rocks;  *  and  it  is  on  or  near  this  surface  that  the  flow- 
ing waters  act.  The  limestones,  as  shown  in  Chapter  I,  constitute 
only  one-twentieth  of  the  sediments,  or  3.75  per  cent  of  the  entire 
area,  but  tJie  proportion  of  carbonates  derived  from  them  must  be 
very  much  larger.  The  composite  and  average  analyses  of  rocks 
give,  for  lime,  4.81  per  cent  in  the  igneous,  and  5.42  in  all  the  sedi- 
mentaries,  equivalent  to  3.78  and  4.26  per  cent  of  CO,  respectively. 
Assuming  that  all  the  surface  rocks  yield  lime  at  an  equal  rate,  which 
is  obviously  not  quite  true,  and  multiplying  these  figures  by  the  areas 
represented  as  1  to  3,  the  relative  proportions  of  the  CO,  radicle 
become  3.78:12.78,  or  l:3.4nearly.  The  last  figure  should  be  higher, 
because  of  ihe  more  rapid  solution  of  the  limestone,  but  if  we  accept 
the  ratio  as  it  stands  we  may  use  it  to  determine  the  approximate 
proportions  of  iiie  CO,  radicle  derived  from  limestones  and  from  the 
atmosphere  acting  upon  crystalline  rocks.  On  this  basis,  8  per  cent 
of  CO,  should  be  deducted  from  the  percentage  in  the  river  waters, 
together  with  the  0.9  per  cent  of  NO,.    Making  the  subtraction  from 

>  BM&aaU  bf  A.  Toa  TiUi),  kctuallf  7S.7  and  MA. 
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the  total  river  load  of  dissolved  matter,  2,735,000,000  tons,  there 
remaina  2,491,585,000  tons,  or  about  62.3  tons  per  square  mil©  on  the 
average,  for  the  40,000,000  of  square  miles  of  land  which  are  assumed 
to  drain  into  the  ocean.  This  implies  a  lowering  of  the  land  by  solvent 
denudation  at  the  rate  of  one  foot  in  30,414  years,  or  30,000  in  round 
numbers.  The  last  estimate  may  be  subject  to  large  future  cor- 
rections, but  probably  it  is  correct  within  10  per  cent.  There  are, 
for  example,  corrections  for  the  amount  of  chlorine  and  its  equivalent 
Bodium  brought  in  rainfall  from  t^e  atmosphere,  or  by  sewage  from 
towns.'  These  will  be  considered  in  the  next  chapter  in  relation  to 
the  use  of  the  data  in  measuring  geologic  time. 

1  Spring  and  PniBt,Mthalr  work  on  th«Uauae,uid  Ulllk,  In  hli  itod;  of  Um  Elba,  h 
measun  tha  unouiit  ol  human  ooDlamliuUiin.   Thii,  obrlonalr,  miut  ba  varr  ti 
tha  Yukon  oc  the  Colnnulo  it  Is  De^Jslbla;  lo  Ua  If  Infaalppl  or  the  Budaon  It  ta  doi 
itnMni  la  llilckl?  nttled  nunulaoturfng  dbtrfcta  tha  imount  ot  pallutJon  la  oRaa  an 
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THE  OCEAN. 
EII.EMBNTS   IN  THE   OCEAK. 

For  obvious  reasons,  some  of  them  purely  scientific  and  some 
utilitarian,  the  water  of  the  ocean  has  been  the  subject  of  long  and 
elaborate  scientific  investigations.  Considered  broadly,  its  composi- 
tdon  is  relatively  simple  and  remarkably  uniform;  studied  minutely, 
It  is  found  to  contain  many  substances.' 

In  hia  great  memoir  on  the  chemical  composition  of  sea  water,  Q. 
Forchhammer  *  gave  a  list  of  the  various  elements  which,  up  to  bis 
time,  had  been  detected  in  it.  The  elements  which  are  su^ciently 
abundant  to  be  determined  in  ordinary  analyses  will  be  considered 
later;  the  substances  that  are  less  frequently  estimated  may  be 
briefly  considered  now. 

lodiTie. — Chiefly  found  in  the  ashes  of  seaweeds.  According  to  E, 
Sonstadt,'  it  is  present  in  sea  water  in  the  form  of  calcium  iodate. 
The  quantity  estimated  was  one  part  of  this  salt  in  250,000  of  water, 
equivalent  to  about  two  parts  per  milhon  of  iodine.  A.  Qautier,* 
examining  surface  water  from  the  Mediterranean,  found  iodine  only 
in  the  oi^anic  matter  which  he  separated  by  filtration,  but  at  depths 
beyond  800  meters  its  compounds  were  detected  in  the  water  itself, 
living  oiganisms  withdraw  iodine  from  solution.  The  largest 
amount  of  iodine,  organic  and  inorganic,  reported  by  Gautier,  is 
2.38  milligrams  to  the  liter.  J.  Koettstorfer,*  in  an  earlier  investi- 
gation, found  much  smaller  quantities. 

Fluorine. — Found  directly  and  also  in  the  boiler  scale  of  oceanic 
steamers.  A.  Camot's  determinations  *  show  that  the  water  of  the 
Atlantic  contains  0.822  gram  of  fluorine  to  the  cubic  meter.'    Recent 

1  rv  the  volums  (f  tb*  ocean  and  oF  lU  coDUIued  aalts  Ma  pp.  23,  2*. 

'  PbBee.  Tram.,  toI.  ISS,  18611,  pp.  VO-Xl  Sea  ilw  J.  Roth,  Allgamalna  und  chambcha  0«ol<«ie,  vol.  1, 
Un,  p.  tODi  and  W.  ntUmar,  Rapt.  Clullsnget  Eiped.,  Ftiyiks  and  ctiHUlstry,  vol.  1, 1S84,  pp.  1-Kl. 
A  Tdlumabr  Rani  Qulntou  (L'csu  demer,  Farls,  lOM)  contains  (pp.  S31-335)  a  good  nimnuiy  ofauUar 
wark  ai  Ih*  loi  Impartant  alamanta  In  ita  valai.  Th«  book  Is  mantiall j  blochamkal  In  cluiacttt  and 
<kak  malnlir  wllh  tha  ndatlon]  ol  aei  walir  to  lUe. 

•  Chem.  Nam,  vd.  3S,  1873;  pp.  196,  231,  Ml;  vol.  Tt,  1866,  p.  316. 
tComiit.  Rand.,  vol.  138,  IBM,  p.  lOeS;  vol.  I»,  ISW.p.S. 

>  ZattKhi.  anal.  Cbamla,  voL  IT,  1ST8,  p.  306. 

•  Aiuula  da  mlntt,  Mh  iv.,  vol.  ID,  1806,  p.  17S. 

lB^.I^.—ril—  ,lrf— mln.H^i.  hyll     'Fnn.l.h.n.n.^  .n.1    0.  WDSCD,  EdlnbOIEh  KaW  FllflCB.  JOdf.,  VOL 

a,  mo,  p.  Mi. 
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determinations  by  A.  Q&utier  and  P.  dausmann'  gavo  only  0.3  milli- 
gram per  liter.  P.  Carles*  has  reported  fluorine  in  the  shells  of 
mollusks. 

Nitrogen. — Present  as  ammonia,  in  organic  matter,  and  in  dissolved 
air.  The  ammonia  of  sea  water  has  been  repeatedly  investigated. 
A.  Audoynaud,*  in  water  from  the  coast  of  France,  found  0.16  to  1.22 
milligrams  of  NH,  per  liter.  L.  Dieulafait,*  in  waters  from  the  Ked 
Sea  and  the  coast  of  Asia,  reports  quantities  from  0.136  to  0.340 
milligram.  T.  Schloesing  *  found  a  still  laiger  amount,  namely,  0.4 
miUigram.  According  to  J.  Murray  and  K.  Irvine,*  ammonia  is 
more  abundant  around  coral  reefs  than  in  the  North  Atlantic  or 
German  Ocean.  It  occurs  principally  as  ammonium  carbonate, 
formed  by  the  decomposition  of  organic  matter.  Elaborate  determi- 
nations of  ammonia  in  the  Mediterranean  are  given  by  K.  Natterer.^ 

Phosphorus. — Present  in  the  form  of  phosphates.  TTie  phosphatic 
nodules  found  on  the  bottom  of  the  sea  are  considered  farther  on  in 
this  chapter. 

Arsenic. — Detected  by  Daubr6e.  A.  Gautier  •  found  its  quantity 
to  range  from  0.01  to  O.OS  milhgram  per  liter. 

SUieon. — According  to  J.  Murray  and  R.  Irvine,*  sea  water  con- 
tains silica.  The  proportion  is  from  1  part  in  220,000  to  1  in  460,000, 
or  even  less.  The  sUiceous  organisms  which  abound  in  the  ocean 
probably  take  their  silica  from  clayey  matter  in  mechanical  sus- 
pension. Small  amounts  of  such  matter  are  carried  far  and  wide 
by  currents,  often  to  a  great  distance  from  land.  S.  Raben  '**  found 
sea  water  to  contain  from  0.2  to  1.4  milhgrams  of  silica  per  liter. 

Boron. — Present  in  sea  water  and  in  the  ashes  of  marine  plants. 
J.  A,  Veatch,"  who  examined  water  from  the  coast  of  CaUfomia, 
found  boric  acid  almost  exclusively  in  samples  collected  over  a  sub- 
marine ridge,  parallel  with  the  land  but  30  to  40  miles  away.  He 
suggests  for  it  a  volcanic  origin  from  submerged  sources. 

lAthium. — Reported  in  sea  water  by  L.  Dieulafait.'*  Also  detected 
spectroscopically  by  G.  Bizio  in  water  from  the  Adriatic. 

■  Compt.  Read.,  toL  1S8, 1S14,  p.  1S31. 

>  Id«m,  vol.  lU,  IWT,  pp.  437, 124D. 

>  Idem,  TDl.  SI,  1S7G,  p.  619. 

1  AnsalCB  chtan.  phys.,  5th  scr.,  vol,  14, 1ST8,  p.  3S0.  DtouUblt  manllona  Mrller  «ark  b;  Itirduud 
■od  Bdusslngault. 

•  Conlrlbutloiu  iil'dtudadelachlmleaerlcole,  In  Pniny'g  EscycIopMls  chlmiqiis,  1SS8. 

•  Proo.  Hoy.  Sac.  Edinburgh,  vd.  17,  lg8»,  p.  88. 

tUODStsh.GhemlB,  T<d.  14, 1303,  p.  STG;  toI.  15,  lSM,p.  jge;  vd.  16, 1895,  p.  591;  vol.  9a,im,p.l.  8m 
■bo  E.  Rabmt,  WbsenschaftllchB  )f aatsiiiiUnucIimigen,  vol.  11,  KM,  191D,  p.  393.  Mtaj  Unurtaia^ 
Uiaa  are  gtvta,  alao  B  full  summary  of  soiUer  wcrk. 

•  Compt.  Rend.,  toI.  137, 1903,  pp.  133, 374. 

•  Froc.  Boy.  Boc.  Edinburgh,  vol.  18, 1891,  p.  2». 

1°  Wlaunscluttllche  UeeresuntaiuchimEsn,  toI.  11,  EW,  1910,  p.  311. 
u  Proc.  Callfoniiii  Acad.  8cl.,  tc4.  1, 1859,  p.  7. 

X  Aniula  dUm.  phys.,  5th  ht..  Tot.  17, 1S79,  p.  S7T.  S«a  also  Ttuvp*  aad  Itimtaa't  anilyilB  of  mtv 
IMm  Um  Itlali  a«B,  1S71,  clM  OD  p.  m. 
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BvHdiiaa. — Found  in  sea  w&ter  by  Sonstadt.'  Determined  quan- 
titatirely  bj  Schmidt,  whose  analyses  will  be  cited  later. 

Caiaittm. — Also  found  by  Sonstadt.* 

barium  and  stronH/am.—Caia.  he  detected  by  ordinary  methods. 
Also  found  in  the  ashes  of  seaweeds  and  in  boiler  s^le.* 

Aluminum  artd  iron. — Easily  detected  by  direct  methods. 

Manganeae. — ^ElasUy  detected.  Noted  by  Forchhammer  and  also 
by  Dieulafait.*  Concretions  of  manganese  oxide  are  abundant  orer 
portions  of  the  aea  bottom.  Reported  by  E.  Maumen£  *  in  the  a^es 
of  Fueus  serratus. 

Nided  OTid  cobalt.— Foxiad  in  the  ashes  of  marine  plants. 

Copper. — Repeatedly  detected  in  sea  water,  especially  by  Dieula- 
fait.*   Also  in  the  ashes  of  seaweeds  and  in  certain  corids. 

Zinc. — Reported  in  sea  water  by  Dieulafait.*  Also  found  in  the 
ashes  of  seaweeds. 

Lead. — ^Found  by  Forchhammer  in  a  coral. 

SiZucr.— Repeatedly  observed.  Forchhammer,  in  the  coral  above 
noted,  found  one  part  of  silver  to  eight  of  lead.  Malaguti,  Dimicher, 
and  Sarzeaud  '  found  silver  to  the  amount  of  0.5  milligram  in  50 
liters  of  water  and  detected  copper  and  lead.  According  to  A. 
liversidge,*  silver  is  present  in  sea  water  to  the  extent  of  1  to  2  grains 
per  ton. 

Oold. — The  fact  liiat  sea  water  contains  gold  was  first  established 
by  E.  Sonstadt*  in  1S72.  Its  presence  has  since  been  repeatedly 
verified.  In  1892  C.  A.  MOnster '"  examined  water  from  the  Kris- 
tiania  Fjord,  Norway,  and  found  in  it  5  to  6  milligrams  of  gold,  with 
19  to  20  of  silver,  per  ton.  In  each  analysis  he  used  100  liters  of 
water.  Liversidge"  found  the  gold  in  Australian  waters  to  range 
from  0.5  to  1.0  grain  per  ton.  At  either  rate,  gold  is  present  in  the 
ocean  in  thousands  of  milhons  of  tons.  Liversidge  "  also  detected 
gold  in  kelp,  rock  salt,  and  a  number  of  saline  minerals,  such  as 
sylvine,  kainite,  camalUte,  and  Chilean  niter.  In  one  sample  of  kelp 
he  found  22  grains  of  gold  per  ton,  and  in  a  bittern,  5.08  grains. 
J.  R.  Don  "  examined  both  ocean  water  and  oceanic  sediments.    In 

1  ChBm.  News.,  vA,  E,  1870,  p.  25. 

>  OustniDUiun  fn  wk  nUr  sea  Dlmilafolt,  Compt.  Rand.,  vol.  H,  1S77,  p.  1300. 

>  Idem,  VOL  M,  1883,  p.  T18. 

•  Idsm,  to).  98, 1884,  p.  HIT. 

•  AmttlBchlm.  phrs.,  Gth  nr.,  tdI.  18, 1S79,  p.  3W. 

•  Idam,  vol.  21, 1880,  p.  288. 

'  Idm,  3d  BUT.,  Tot.  28,  ISM,  p.  139. 

•  FFoC.Roy.Bw.  NEirS«ithWaln,ToI.30,189S,pp.335,aK).  BflaalTCF.FMd,Fnn.B«y.Boo.,ToLS, 
US«,p.2K, 

•  Chtm.  Nam,  vol.  26, 1872,  p.  1S9. 

••JiKir.Soo.ClisiO.Iiid.,  vol.  11,1892,  p.  381.    From  Norsk  Tskn.  Tldvkr. 

"  Ptdo.  Bar-  Soc.  Nev  Smlb  Wales,  tdI.  29,  isgs,  pp.  33S,  XO. 

H  Jmr.  Cham.  Boo.,  toI.  71, 1897,  p.  298. 

n  Tma.  An.  Inst.  Via.  Eng.,  vol.  27, 1897,  p.  818. 
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the  former  he  detected  0.071  gma  of  gold  per  metric  ton,  but  the 
eedim^ata  were  barren.  In  waters  collected  near  tixB  Bay  of  San 
Francisco  L.  Wagoner  '  found,  also  p^  metric  ton,  11.1  milligrama 
of  gold  and  169.5  of  silver.  In  a  later  paper  he  gives  laiger  figures, 
namely,  16  nii'll'y*-"^"  of  gold  and  1.9  grams  of  diver.  According  to 
J.  W.  Pack '  sea  water  contains  about  0.5  grain  of  gold  per  ton.  In 
deep-sea  dredgings  Wagoner*  detected  even  largcor  quantities  of 
both  precious  metals. 

Radium. — Ocean  water,  sea  salt,  and  oceanic  sedimente  are  all 
more  or  leas  radioactive.  From  measuremente  of  this  radioactivity 
the  amount  of  radium  is  inferred.*  According  to  Joly,  1  cubic 
centimeter  of  sea  water,  on  the  averse,  contuns  0.017  X  10~"  gram 
of  radium.  This  represents  a  total  of  about  20,000  metric  tons  of 
radium  in  the  entire  oceaji.  But  is  this  radioactivity  due  solely  to 
radium? 

COMPOSmON  OF  OCBANIC   SAI/TS. 

In  order  to  determine  the  composition  of  ocean  salts,  innumerable 
anal3rses  have  been  made,  representing  water  collected  in  all  quarters 
of  the  globe.  The  older  investigations,  down  to  and  intruding  the 
work  of  Forchhammer,  are  well  summarized  by  Roth  and  it  is  not 
necessary  to  recapitulate  them  here.  With  a  few  exceptions  I  shaU 
confine  myself  to  the  more  recent  analyses,  which  are  numerous 
enough  and  varied  enough  for  all  present  purposes.  They  show  a 
striking  uniformity  in  the  composition  of  sea  salts,  the  only  great 
variable  being  that  of  concentration.  As  this  factor  is  lai^,  com- 
pared with  the  salinity  of  lakes  aad  rivers,  I  shall  express  it  generally 
in  percentages  rather  than  in  parts  per  million.  The  analyses  them- 
selves I  have  reduced  to  ionic  form,  ignoring  bicarbonatee,  as  in  the 
tables  given  in  the  precedii^  chapter.  The  selected  data  are  as 
follows:  * 

1  Tnm.  Am.  Iiut.  ICin.  Eng.,  toL  31,  IWl,  p.  SOT. 

1  Uln.  and  Sd.  Praos,  ToL  77,  IBM,  p,  IM. 

>Ttku.  Am.  Iaat.U[ii.Biig.,Tal.S8, 1M7,  p.  TIM.  F.  Ds  Wflil«(Aicli.BCl.ph7i.iiBt,,4th  nr.,ToI.  IB, 
IMS,  p.  EM)  uid  A.  WJHtsr  (Zeltacbr.  sngcw.  Cbamjs,  IMS,  p.  179S)  bsre  pdbllatwd  good  BtimmBrte  itfa- 
tlrelotiiBdetflctlonof  ^Idinaea  wataruidhBTiidlacnmid  thflpoflflibiUtyoHUeconoEDkrwovHy. 

•  BmR,  J.  Stratt,  Pros.  Roy.  Boo.,  ml.  TSA,  lfi07,p.  Ul;  A.  8.  Eva,  PMiga.lUc.,atta  nt.,voL  lS,lMa, 
p.  102;  J.  Jolj'.ldem,  ToLlG,  1908,p.  3861  vol.  18,lIK»,p.  3H.  In  •  Tolnma  cmtitM  "  lUdlOMtlvl^  Uid 
gtologj,"  London,  lEKie,  pp.  1S~6S,  loiy  ninu  up  the  reladoiia  ol  the  oceuk  to  ndlnm.  Sm  iImB.J. 
Llo;d,Am.  Jour.  Bel., 4th  bbt.,  toL  39,  isas,  p.  680.  Hb  MtlmiM  of  redhim  In  na  w>t<c  Ii  oal; 
1.2X1(H>  ETsm  per  tIMr,  ot  l,WQloiu  Id  tbe  ooaan. 

•  other  analysea  ol  Atlantlo  irat«r,  takan  oft  tlie  coast  of  Braill,  with  anatrwH  at  ntei  Irom  thg  maaOm 
ofthoAnuumjiBTBElTeiibr  F.  Eatm,  In  Sltnmgsb.  E.  bJ9ua.  Gaeell.  Wlis.  1887,  No.  17.  Thaanpn- 
MUt  mliturea  of  sea  and  livar  watar.  For  apeclal  detarmlnsllmi  of  broniln*  in  sea  watar,  and  Iti  latlo  Ut 
the  ohlorlna,  aee  E.  Baiglond,  Bar.  Deutsch.  cbam.  Oesell.,  vol.  18,  ISBS.  p,  2888.  An  analyala  of  watar 
from  tha  Ionian  Sm,  b;  F.  Wlbal,  liprlntadfn  B«r.  Deutscb.  ctaem.  Oesell.,TOl.e,  lS73,p.  184.  Onabf 
A.  VIetthalei  (SltEunpb.  C  A^sd.  Wise.  Wlen,  vol.  M,  ISST,  p.  470),  ol  Adriatic  Tatar  taken  near  SpalaU, 
(diowB  atmormalty  low  sodium  and  blgb  calclnm,  piasoaably  due  to  admlztorea  of  water  From  the  land. 
Beealeo  W.  Sbey,  Third  Ann.  Eept.  Colonial  Uus,  and  Lab.,  New  Zealand,  1808,  lor  eavoi  aualyiM  of 
■ea  watar  taken  near  that  Island;  C.  J.  White,  Proc.  Roy.  Soo.  Mew  Booth  Wain,  vol.  41, 1907,  p.  U,  ona 
■nalysls  of  wa'AT  taken  dS  Coogee;  A.  Burada,  Atiti,  kL  Univ.  Jaasy,  vol.  E,  IftW,  p.  SSI,  cme  analydaot 
water  from  the  Blank  Sea.  OnaalinJlyoftlie  Panian  Qoir,  AimaleDd.  Hydrographla,  vol.7,UaB,p.  381. 
Tworecemt  analyaea  of  Adrlatle  watar  ar«  raponed  by  V.  aifmbwMr,  l£in.  pot.  lCltt,,Tol.  3t,  UIO,  p.  tlT, 


A.  VnD  dI  TT  imlyiM  ot  osmh  mtar  from  mao;  loeaUllM,  ooUactod  br  tb*  CJWtniftr 
W.  Dtttmar,  ualTit.  (3Mllraicer  Bq^,  Pbjilo  and  dumlHi?,  vol.  1,  UM,  p.  SOS.  Sdin 
3.737  par  cMit. 

B.  Atlantic  yntar,  moan  ot  3a  mnplM  ooUaettd  on  »  vbtw  fnun  tlu  O^^a  of  Good  Hofw  I 
C.  J.  8.  HaUn,  Cli«nLNBwi,TaLT7,  isag.pp.  IM,  171.   Salinity,  avMice,  1^1  par  otot. 

C.  The  Atlanllo  luw  Dlqip*.  Analjsia  b;  T.  Soliloninf,  Cramt.  Kmd.,  vol.  143, 1K)6,  p.  12 
32.U0  grama  par  Ittar. 

D.  Tholibhaaa.   AnalyalBbrT.  B.TboipaandS, 
ThBamsUaiiHniitaotFeiO|,NH,,aiidNiO| 

B.  The  Baltic  Saa  betwsen  Oeland  and  Oothland.  Analraii  by  C.  Sohmldt,  Bull.  J 
borg,  VOL  H,  IS78,  p.  331.  In  all  Schmidt's  analfsaa  tha  bloarbcoataa  glimi  by  him  bava  b 
to  DOimal  aalta.  The  qnantitlea  of  Ft,  POi,  and  8IO|  fmmd  bf  Schmidt  an  M>  ^uU  tl 
tbam  MfMhar.   Baltaifty  oftblaiunpta,  O.TZUSperoant. 

F.  The  Atlantis  at  Bahla  Blaa»,  coaat  of  Argvtlna.  Uaan  of  two  aaoqiltB,  takn 
tide.  Anatyseeby  E.B.DuakKu,  An.Soc.cl«it.Ariaitlaa,vol.M,lWll,p.Sa.  Sallnlt 
AnatbnpalrotanalymlsK'lea  of  water  taken  at  the  moDth  of  Bio  Nacro. 

O.  The  QaJC  el  Ueiloo,  off  LocgerhMd  Key,  nwi  Florida.  Anatyali  by  O.  Htaltar, 
v.  S.  Geoloekal  Survey,  1910.    fiaikitty,  3Mt  per  oait. 

E.  From  new  Bteulort,  North  Cartrilna.  Mean  oC  Hva  analyna  of  Mmptaa  tak«i  on 
dItkHB,  by  A.  8.  Wheeler,  Jour.  Am.  Chem.  Boc,,  vol.  33,  ISIO,  p.  M«.  Salinity,  )J7* 
Wheekr  dtaa  an  analyili  by  C.  Esl 


voL  US,  un,  p.  131. 
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Analytit  ofouamc  «alt»— Con  tinued. 

I.  TlwlMrthAtlMtlabatw««nN<Binr,tb*Fu«Idmdi,  BiidTc«land,BI)dlKrtlnnTdtoBldtib«!gNi. 
Jtteax  (d  fll  Innamplata  BOBlyses  by  L.  fiohmelck,  dni  Ncnka  Mcrdluvt'Ejipadltliii,  pt.  a,  IStU,  p.  1.    Soda 

■ad  carbcnle  uld  estlmstod  by  calculation,  not  directly  dttamlnti.   Ballnlty,  I.S7to3JWpB'C«it. 

J,  ThaWhltaSw.    ATHiceotthimuialyHBbjC.  Bchmldl.    Bull.  Aisd.  Bt.  Patcnbori,  vol.  M,  ISTE^ 
p.l3t.    Saltnily,  uas  to  X»68  par  oeut. 

E.  The  Arotk  Oaean  batvew  the  WtiJte  S«a  and  Nova  Zcmbla.   Ueaa  of  tvo  analjHa  by  Bchioldt, 


of  lour  analysaa  by  FiaabtrE, 
d.  113,  IHM,  p.  330. 


L.  TIM  BflMian  Oonn.    Wal«t  ooUaetad  b?  tha  Vi^a  aipuditlisi.    Kean  of 
Vaca Expad. Ropt., to).  2, 18S3, p. ITS.    Balbltr.l.STStoS.UTpercs 

IC.  ThsU«dit«mUBni]eU-C3B[UnEa.    AmUrilgb;  T.  Bdikieabi,  Compt.  Raod., ' 
Salinity,  38.BT41  erami  par  liter. 

N.  TbaMedlUrraiueD,iiildan,betWMDBiiartaaDr]l[amIUe.  BBlbiit7,3B.;HlEraiiup«llt(r.  Amly- 
ali  by  Schloeslns,  Inc.  ctt. 

O,  Tbo  iBston  MadlleTTsaean,  inters  colleoled  duitec  tbe  voyagea  ol  tba  Atutrlan  lUuner  Pols.  Aimi- 
lyat,  K.  Natlarar,  Uonatsh.  Chsmis,  vol.  13, 1HI2,  pp.  St3,  BBT;  vol.  H,  1803,  p.  824;  vol.  IS,  ISM,  p.  SSO. 
Three  hundred  sompiaa  o[  water  were  aTamlned,  nnie  only  tar  gun.  The  flpira  givan  here  are  the  avn- 
•Ce  f rmn  42  uialyMa  whlcb  wore  lalrly  cranplete.    Solhiity ,  a.SM  to  4.11$  per  coit. 

F.  The  3«k  of  Uarmm.  Naltsrer,  UonaUh,  Chemle,  rol.  IS,  ISBS,  p.  405;  44  partial  analysM.  Nattwv 
ftvea  the  flgiirea  hen  utUlied  aa  aTeragea  of  varyljig  nuinbera  of  detinnhiattnui.  Ug,  Na,  and  E  not 
daUmlDed.    aa]liiity,3.3iaUi4.Daip*rosiit. 
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30.65 
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7.78 
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30.86 
.89 
.04 
1.16 
3.69 
.08 

165.45 
7.79 

"36.'4i' 

1.17 

55.53 
.18 
7.74 
.19 
30.37 
1.09 

55.11 
.19 
7.89 
.20 
30.64 
L09 

55.30 
.16 

7.72 

.19 

30.51 

1.12 

65.46 

Br...                     .     . 

7.67 
.28 

Na 

Bb.  . 

1.21 
3.79 

1.18 
3.82 

1.26 
3.64 

1.23 
a65 

1.19 

3.81 

L22 

Fa,  SiOj,  PO, 

100.00 

100.00 

100,00 

100.00 

100.00 

100.00 
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,  Google 
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Anaiyritofoi 


k  »altt — Contmued. 

nn.  am.  PhTi.  QMtn.  Soo.,  vol. »,  1901, 


Q.  TIM  BI>«k  Sw.   AnngeotiliuwIrscabrB. 
p.ta.    SaUnltT,  1.83t to 3.213 pK osit. 

S.  Tha  Boat Caml at InnalUa.  Analy^byCSchmMt,  Bull.  Acad.  St.  Petenbuis,  vol.  M,  lB78,p. 331. 
SaUnJtT,  9.10S  par  nut.  Ftr  othar  dita  oa  tha  Bu«  Cuul,  bh  L.  Dnnnd-^laye,  Annalea  dilm.  pbys., 
Cth  MT.,  Td.  i,  lB7i,  p.  138.  VwT  hjgli  aaUnltln  y/m  uol«d.  For  a  rcMat,  tncomplata  analyala  ol  Bad 
Swwstai,  neJ.  B.  Coppock,  Chem.  News,  voL  96, 1307,  p.  312. 

a.  TheRcdBeanaartlwii^dle.    Analyiia  by  Schmidt,  loc.  dt.    Sallntty,  3.STS  per  cent. 

T.  The  Red  Saa.  Avenga  ol  [our  uulyBn  t^  Nattver,  Manatah.  Chamfe,  toL  3D,  IWS,  p.  1;  vol.  31, 
1900,  p.  1037.  Watv  collected  in  tha  Suei  Canal,  the  Tlmsoh  L^kt,  and  the  two  Bitter  Lakea.  Hwy 
Othar  partial  inalyBn  are  (twi.    The  salinity  d  thtaa  partlcukr  aamplaa  rangad  from  SASi  to  G JH  pw 

D.  Th*8tralt8otllaba».    BaUnlty,a,TWp«ri»l. 
V.TheCblinBw.   Saltnlty, UOS par omt. 

W.  Ttia  Indian  Ocaan,  nitan  of  two  amlfm,  Balldty  i.CSi*  to  J.MSl  pw  («t.  Analysts  U,  V,  W,  by 
C.  Schmidt,  U£l.  phys.  chhn.,  vol.  10,  p.  194.     Also  Jahrab.  Chemla,  1877,  p.  137D.    Schmidt's  nihldhim 


X.  Tha  "Uaralfcrto,"  an  tDcloaedbodTi^watarim  the  island  Lacromo  bitbe  Adrlatk:,  having  undei^ 
pound  connectim  with  tha  seft.  Salinity,  3.1744  pir  omt.  Aiialyala  by  W.  LoeblH^h  and  L.  BlpOci,  Illn. 
Mitt.,  ISTB,  p.  in. 
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.02 
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.97 
.04 
.89 
3.87 
.02 
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.18 
7.49 
.13 
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L06 
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7.91 
.04 
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.03 
1.19 
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.04 
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.03 
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1.19 
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.03 
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Some  of  the  differences  between  the  foregoing  figures  are  no  lai^er 
thui  can  be  ascribed  to  differences  in  analytical  methods  or  in  the 
atomic-weight  factors  used  for  calculation.  The  waters  of  the  Baltic 
and  Black  Seas,  with  their  very  low  salinity,  show  the  effect  of  dilu- 
tion by  fresh  water,  which  appears  in  the  slightly  higher  percentage 
of  calcium.  Still,  allowing  for  all  possible  sources  of  divergence, 
the  essential  uniformity  in  composition  of  ocean  salts  is  perfectly 
dear.  The  mass  of  the  ocean  is  so  great,  and  the  commingling  of  iU 
waters  by  winds  and  currents  is  so  thorough,  that  the  local  changes 
produced  by  the  influx  of  rivera  are  exceedingly  small.  The  salinity 
may  range  from  less  than  1  to  over  4  per  cent,  but  the  saline  composi- 
tion remuns  practically  the  same. 

For  the  composition  of  ocean  salts  in  general,  Dittmar's  average 
should  be  taken  as  the  standard  of  comparison. .  It  represents  the 
largest  number  of  complete  analyses  and  the  greatest  refinement  of 
methods;  the  samples  examined  covered  the  widest  geographic  range 
and  were  drawn  from  various  depths  of  water.  Some  were  surface 
epecimens,  others  from  the  bottom  of  the  sea,  and  still  others  &om 
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points  betveen,  and  all  tiie  results  lead  to  the  same  general  concIusioD 
of  nearly  uniform  composition,  in  spite  of  yariable  salinity.  Ilie 
individual  analyses  vary  but  little  from  the  mean.  Tlie  salinity  is 
shown  to  be  a  function  of  temperature,  pressure,  and  density;  and  the 
last  factor  is  represented  by  J.  Y.  Buchanan's  elaborate  determina- 
tions, which  appear  in  the  same  volume  with  Dittmtur's  analyses^ 
Li  general,  according  to  the  summary  given  in  the  "Narrative"  of 
the  ChaUenger  expedition,'  the  density  and  therefore  the  salinity  of 
ocean  water  dimioishes  from  the  surface  to  a  depth  of  800  to  1,000 
fathoms,  and  then  increases  to  the  bottom.  Toward  both  poles  there 
are  areas  of  concentration  due  to  the  formation  of  ice,  a  process  which 
remove  water  from  hquid  circulation,  leaving  a  large  part  of  its  salts 
behind.  Freezing,  as  O.  Pettersson  *  has  shown,  modifies  the  compo- 
sition of  salt  water,  so  that  the  brine  formed  from  melting  ice  differs 
notably  from  the  parent  solution.  Two  analyses  by  Foraberg  *  serve 
to  illustrate  this  point.  Both  are  here  reduced  to  standard  form  in 
order  to  facilitate  comparison  with  those  of  normal  sea  water. 

Analyiet  o/brinejrom  Ttulting  we. 


A.  Liquid  IntarmlaglBl  Witt  mow,  eoIlectBl  on  Arctic  iMM -32*. 

A 

B 

62.47 
L26 

25.88 
.97 
2.00 
7.42 

o^,......................................... 

Hg 

loaoo 

loaoo 

The  elimination  of  sulphates  and  the  increase  of  chlorides  is  here 
clearly  indicated,  and  if  we  refer  back  to  the  tables  previously  given 
we  shall  see  that  the  Arctic  waters  are  all  slightly  higher  in  sulphates 
than  Dittmar's  average  for  the  great  oceans. 

In  one  sense  the  salinity  of  sea  water  is  a  function  of  climate,  at 
least  so  far  as  surface  watera  are  concerned.  Where  the  rainfall  is 
aUght  and  the  evaporation  rapid,  concentration  occurs;  where  the 
atmosphere  is  saturated  with  moisture  the  reverse  is  true.  The  Red 
Sea  shows  the  maximum  effect  of  evaporation  and  the  highest 

■  Utttem  tiKi,  in  the  numoln  almulr  cIM,  dtacusaea  tbt  relatkiiu  bttwica  iaoattf  ukd  nllntt;.  So, 
too,  doM  H.  Toniot  Id  Den  Narait  Nordhavs-Eipedltkiu,  ISSO.  See  also  memolri  hj  A.  Bouquet  de  1> 
Or7e,AiiDaluchlm.  phi's.,  fith  SET.,  vol.  3S,  18SZ,  p.  133;  andA.CheTBlller,  Compt.  Baiic1.,voI.I4a,  ItWS, 
p.  Wa.  On  this  tbems  there  Is  Ka  eitauslve  lltanture,  but  phTiIosl  problems  CSD  be  only  IncideiitBUjooo- 
■Idered  In  the  ptamt  memoir. 

>  V(d.  2,  tSSI,  pp.  MS-10a3. 

•  Vega  Eiped.  Kept.,  toL  9, 1883,  pp.  SO-tm. 
p.  «lt.,  1883,  p.  376. 
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salinity;  the  Mediterranean  is  next  in  order.  West  of  the  Nile  no 
large  tivers  enter  the  Mediteiraneau;  the  evaporation  along  the 
African  shore  is  very  greet,  and  the  salinity  is  therefore  excessive. 
Furthermore,  rainfall  serves  to  dilute  the  superficial  layers  of  tiie 
ocean,  and  the  same  effect  is  produced  hy  the  influx  of  streams.  The 
Black  Sea,  for  instance,  is  diluted  by  the  Danube)  and  its  average 
salinity  barely  exceeds  2  per  cent.  When  a  river  enters  the  ocean  its 
waters  tend  to  flow  upon  the  surface,  and  its  influence  may  be  detected 
at  great  distances,  sometimes  hundreds  of  miles  from  land.  Salinity, 
in  short,  is  the  product  of  many  agencies,  and  the  commingling  of 
wateiB  is  never  quite  complete.  In  view  of  conditions  like  these 
the  nearly  uniform  composition  of  sea  salts  is  all  the  more  striking. 

It  b  commonly  assumed  that  the  salts  of  the  ocean  are  derived 
from  the  decompo^tion  of  rocks  by  flowing  and  percolating  waters, 
which  finally  deposit  their  burden  in  the  great  general  reservoir. 
That  this  opinion  is  in  a  very  large  measure  correct  is  unquestion- 
able; whether  it  is  wholly  true,  without  qualification,  is  another 
matter.  We  have  abeady  seen,  in  the  preceding  chapter,  that  an 
enormous  mass  of  soluble  salts  is  annually  discharged  by  rivers  into 
the  sea,  but  its  composition  is  very  different  from  that  of  the  saline 
substaocee  which  we  are  now  considering.  In  the  one  class  of  waters 
carbonates  and  calcium  prevail;  in  the  other  we  find  mainly  chlo- 
rides and  sodium.  If,  then,  ocean  water  is  continually  receiving 
water  unlike  itself,  its  composition  must  be  slowly  changing,  but  the 
gains,  although  large  in  themselves,  are  relatively  small  in  compari- 
son with  the  vast  accumulations  of  saline  matter  into  which  they 
diffuse.  Whatever  changes  may  take  place  must  proceed  very 
slowly,  and  no  known  methods  of  analysis  are  deUcate  enough  to 
detect  them,  even  were  the  observations  to  be  continued  through 
many  centuries.  For  instance,  calcium  is  one  of  the  minor  con- 
stituents of  sea  water,  and  yet  J.  Murray  and  R.  Irvine '  estimate 
that  the  discharge  of  rivers  would  require  680,000  years  to  make  up 
the  total  oceanic  amount.* 

PracticaUy,  then,  the  composition  of  the  ocean  is  very  nearly  con- 
stant and  has  been  so  for  long  periods  of  time.  We  can  not,  by 
means  of  analysis,  measure  the  changes  in  it,  but  we  can  observe 
some  of  t^em  in  operation,  and  see  whither  they  tend.  They  are  due 
either  to  gains  or  losses  of  material,  and  both  conditions  have  been 
noted  in  the  preceding  pages.  The  gains  from  rivers  and  from  rain- 
fall are  obvious ;  the  losses  by  precipitation  we  shall  examine  presently. 
Some  salts,  as  we  observed  in  studying  the  atmosphere,  are  lifted 
from  the  ocean  to  fall  again,  partly  upon  the  land,  in  rain.    Much  of 

>  Ptoc.  Rot.  8oc.  Zdlnbur^,  vol.  17,  ISSS,  pp.  lOO-lOl. 

'Fir  ■  itatMlal  paper  on  Ih*  mlnanl  matter  Id  tha  u«,  laa  R.  D.  Billalmry,  lour,  Oaology,  vol.  U, 
l«V,p.4W.    SM*lloA.C.l4IW,JaDt.O«akit7,vciL»,l<IOei,p.231,HidA.B.lUo»Uun,TraiiikC«n»UHi 
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this  material  returns  into  the  sea,  but  we  can  not  assume  that  all  of  it 
is  regained.  This  loss,  however,  is  trifling,  and  needs  no  further 
conmderation  here.  Streams  bring  more  chlorine  and  more  sodium 
into  the  ocean  than  it  loses  through  the  mechanical  action  of  the  air. 
For  these  constituents  a  small  net  gain  may  safely  be  taken  for  granted. 
As  for  the  changes  in  composition  produced  in  sea  water  by  freezing, 
they  are  local  and  transitory  in  t^aracter.  When  ihe  ice  melts,  its 
saline  contents  are  restored  to  oceanic  circulatioD,  although  not  always 
at  the  point  from  which  they  were  withdrawn.  To  the  slight  change 
thus  produced  in  Arctic  waters  reference  has  abeady  been  made. 

CASBOXATES    IN   SEA   WATER. 

Although  calcium  and  carbonic  acid  are  subordinate  constituents 
of  sea  water,  their  importance  can  hardly  be  overestimated.  They 
are  the  chief  additions  made  by  rivers  to  t^e  ocean,  and  they  are 
the  substances  most  largely  withdrawn  from  it  by  living  organisms. 
Eemoved  from  solution,  they  form  calcium  carbonate,  and  that  is  the 
principal  material  of  corals  and  shells. 

Normal  calcium  carbonate  is  nearly  but  not  quite  insoluble  in 
water.  Upon  this  point  many  observations  have  been  made.  Ac- 
cording to  T.  Schloesing,'  whose  data  appear  to  be  trustworthy,  a 
liter  of  water  at  16"  can  dissolve  0.0131  gram  of  CaCO,.  With  respect 
to  sea  water,  however,  the  different  varieties  of  the  carbonate  behave 
differently.  This  has  been  shown  by  R.  Irvine  and  O.  Young,'  who 
found  that  amorphous  calcium  carbonate  is  more  soluble  than  the 
crystalline  forms.  To  dissolve  1  part  of  the  former  1,600  porta  of 
sea  water  are  required,  as  compared  with  S,000  parts  for  the  crystal- 
line carbonate.  This  difference  bears  directly  upon  the  theory  of 
coral  reefs.  The  living  animal  secretes  amorphous  carbonate,  but 
after  decomposition  a  partial  change  to  crystalline  carbonate  occurs. 
Without  this  moleculu'  rearrangement  the  coral  would  much  more 
largely  dissolve  and  its  stability  would  be  greatly  diminished.  Some 
re-solution,  however,  occurs,  especially  where  the  waves  have  beaten 
the  coral  into  sand,  and  this  subject  has  been  well  studied  by 
J.  Murray  and  R.  Irvine.*  They  find  that  the  porous  corab  dissolve 
more  readily  tiuui  the  compact  varieties. 

In  presence  of  free  carbonic  acid,  the  solubility  of  calcium  carbcmate 
is  increased  many  fold.  If  we  disr^ard  ionization  we  may  say  that 
calcium  bicarbonate,  CaH,CiOa,  is  then  formed,  a  compound  which  is 
chiefly  known  in  solution.    Of  this  salt,  as  shown  by  F.  P.  Treadwell 

iCompt.  Bend.f'niL  Tt,  lS73,p.  1U3. 

■  Proc  Bo;.  Soo.  Edlnbmgh, ToL  U,  1S38, p. 31A.    FarollMriUUoiitlUKilutillltrofalclamiHlioiikt* 

tn  wa  mter,  an  W.  S.  Andoraon,  Fcoo.  B«;.  8oc.  Edinburgh,  TOL  IB,  IMS,  p.  3U:  kOd  J.  TIuid«C,  Compk 
Bmd.,  ToL  no,  lau,  p.  651. 
•  Fnw.  Ror.  Boo.  Edlnbui^  toL  17,  USa,  p.  79. 
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and  M.  Eeuter,'  a  liter  of  pure  water  at  15"  can  dissolve  0.3850  gram, 
a  quantity  which  may  be  considerably  increased  by  an  excess  of 
carbon  dioxide  in  the  water.  In  sea  water  this  solubility  is  modified 
by  the  presence  of  other  compounds.  E.  Cohen  and  M.  Raken,' 
experimenting  with  an  artificial  sea  water,  found  that  at  15°  it  was 
saturated  by  55.6  milligrams  of  fixed  CO^  per  liter,  equivalent  to  0. 1264 
gram  of  CaCO,.  According  to  G.  linck,*  the  maximum  soluhihty 
of  calcium  carbonate  in  see  water  at  I7°-18°  is  O.ldl  gram  per  Uter. 
The  total  quantity  of  calcium  carbonate  in  average  sea  water,  as 
shown  by  Dittmar'fl  analyses,  and  upon  the  assumption  that  all  of  the 
CO,  radicle  is  thus  combined,  is  not  far  from  0.121  gram  per  liter. 
This,  which  is  a  maximum,  is  even  below  the  saturation  figure  given 
by  Cohen  and  Raken,  and  much  lower  than  that  of  Linck.  It  would 
be  diminished  by  the  formation  of  other  carbonates,  and  it  must  vary 
with  fluctuations  in  the  free  or  half-combined  carbonic  acid  of  the 
water.  The  latter  constituent  of  sea  water  does  not  appear  in  the 
analyses  of  dried  oceanic  salts. 

Calcium  bicarbonate  is  very  unstable  and  can  be  broken  down  to 
normal  carbonate  and  free  carbon  dioxide  by  evaporation,  by  rise  of 
temperature,  or  by  mechanical  agitation.*  Under  certain  conditions 
the  carbonate  thus  produced  may  assume  the  solid  form  and  be  pre- 
cipitated as  a  sort  of  calcareous  ooze.  This,  however,  can  take  place 
only  in  very  shallow  waters,  and  especially  near  the  mouths  of  streams 
which  carry  carbonates  in  maximum  amount.  Such  a  deposition  of 
calcium  carbonate,  forming  a  crystalline  limestone,  was  long  ago 
observed  in  the  delta  of  the  Rhone;  and  a  similar  reaction  is  taking 
place  among  the  Florida  keys.  Sea  water,  however,  is  not  saturated 
with  carbonates,  and  a  precipitate  forming  on  the  surface  of  the  open 
ocean  would  be  redissolved  before  it  could  settle  to  the  bottom. 
Even  shells  undergo  solution,  and  in  aufficiontly  deep  water  they  may 
entirely  disappear.  In  the  reports  of  the  ChaUenger  expedition  there 
is  much  valuable  information  on  this  point.'  Pteropod  remains  were 
.never  foimd  on  the  ocean  floor  at  depths  below  1,500  fathoms,  but 
the  more  resistant  globigerina  was  collected  at  2,500  fathoms.  These 
nnirtiftln  live  at  or  near  the  surface;  after  death  the  shells  slowly  sink, 
and,  while  sinking,  partially  or  whoUy  dissolve.  The  decay  of  their 
organic  matter  generates  abundant  carbonic  acid,  and  this  aids  in 
effecting  solution.  Be  this  as  it  may,  the  Challenger  investigations 
show  that  &.e  quantity  of  calcium  carbonate  on  the  bottom  of  the 

I  Z«ftKdiT.  H>Di«.  Cliwnia,  ml.  17,  UK,  p.  170. 

•  Proc  Sac  BeL,  AmUsnlvD  Acad.,  toL  3,  IMl,  p.  <». 

'NaunJalirb.,  BeO.  Bd.  lA,  1003,  p.  SOt.  A  reomt  paper  on  th«  BolublUtr  of  calcium  caibouale,  by 
3.  Koulall,  Is  in  Pfalka.  Hag.,  mi.  S,  toL  21, 1«U,  p.  9SS. 

•  W.  DKtmar,  Challaii(tr  Rapt.,  PhyBlcg  and  duunlsU;,  vol.  1, 1S(H,  p.  311. 

•  Baa  simmar;  to  ToL  I  of  Uu  NairaUra,  1882,  pp.  Mg  at  aeq. 
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ocean  depends  in  great  measure  upon  the  depth  of  water.  Beyond 
the  limits  indicated  little  calcium  carbonate  is  found,  a  fact  which 
will  be  considered  more  in  detail  presently. 

Calcium  carbonate,  then,  takes  part  in  a  great  system  of  cnanges 
whose  magnitude  and  direction  can  hardly  be  estimated.  It  enteiB 
the  sea  in  fresh  waters;  part  of  it  is  withdrawn  by  living  animals  to 
form  coral  or  shell;  some  of  the  material  thus  used  is  redissolved, 
but  much  of  it  is  permanently  deposited  in  limestones  or  calcareous 
shales.  Limestone  formations  of  marine  origin,  in  all  quarters  of  the 
globe,  testify  to  the  importance  of  these  processes.  living  ftnimftla 
secrete  more  calcium  carbonate  than  is  redissolved,*  but  the  inflow 
of  fresh  waters  tends  to  supply  the  loss.  Whether  a  balance  is  pro- 
served  it  is  impossible  to  say.  The  problem  is  compUcated  by  the 
fact  that  the  erosion  of  limestones  laid  down  in  former  goologic  pe- 
riods now  Bupphes  material  to  streams,  thus  returning  to  the  ocean 
carbonates  which  were  once  withdrawn  from  it.* 

In  this  system  of  gains  and  losses  some  otherwise  unimportant 
constituents  of  sea  water  play  an  interesting  part.  Kadiolarians, 
diatoms,  and  siliceous  sponges  extract  silica  from  the  ocean;  this 
material  is  finally  deposited  upon  the  sea  floor,  and  does  not  redissolve, 
or  at  least  not  readily.*  The  sihca  brought  in  by  rivers  is  partly  dis- 
posed of  in  this  way.  Phosphates  are  also  withdrawn,  but  the  bony 
parta  of  marine  creatures,  after  the  death  of  the  latter,  go  to  a  great 
extent  into  solution  again.  Iron,  sihca,  and  some  potassium  are  laid 
down  in  the  form  of  glauconite;  and  the  substances  dredged  up  from 
the  bottom  of  the  ocean  tell  us  of  still  other  reactions  which  are  not 
easy  to  explain. 

OCEANIC    SEDIMENTS.* 

On  the  subject  of  oceanic  sedimonts  there  is  a  voluminous  literature. 
A  great  part  of  it  relates  to  what  may  be  called  mechanical  deposits, 
like  gravel,  sand,  river  silt,  and  so  on — a  class  of  substance  that  does 
not  concern  us  now.  Their  chemical  character  will  be  discussed  else- 
where, with  reference  to  their  origin.  Near  land,  and  especially  at  the 
mouths  of  rivers,  the  aea  bottom  is  covered  mainly  by  mechanical 
sediments,  or  by  the  remains  of  marine  animals;  in  mid-ocean  the 
deposits  are  of  a  very  different  type. 

An  entire  volume  of  the  Challenger  reports,  by  J.  Murray  and 
A.  F.  Kenard,  is  devoted  to  the  subject  of  "Deep-sea  deposits,"  and 

1  Bee  J.  KiUTW  airf  R.  IrvJOB,  Free.  Koj.  So*.  Edlnbargh,  VOL  17, 1889,  p.  79. 

<  On th«  olrcaUtioii  of  alclnni  tatbonate,  and  lU  relatkiD  to  tlu  ageaf  the  eanli.ne  E.  Dubois,  Proa.  Sec 
8cL,  AnuUidam  Aoad.,  voL  3,  IMl,  pp.  43, 118. 
'  The  Insolubllltr  olsUca  In  eea  water  bgmCbut  not  abaolute.   I.  Unnrk;  and  A.  F.  Renard  (Chal- 

leoger  Kept.,  Deep-na  deposlte,  1801,  p.  :S8)BDd  that  eome  elUca  can  be  dlssolTsd  out  from  dIalomBoeoul 

•  A  raoent  tnatlM  b;  L.  W.  Collet  (Lea  ddpAta  marbu,  Paris,  1908)  deals  with  tbli  sutject  qnlla  ttiOy, 
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Bpeidal  attention  is  pud  to  substances  fonoed  by  chemical  action  on 
the  ocean  floor.'    The  larger  deposits  may  be  classified  as  follows: 


Depoiittontheot, 

u^jUx>r. 

Num. 

^i?2S^ 

C»COt 

Red  clay 

2,730 
2;8M 
1,477 
2,049 
1,044 

The  oozee  derive  their  names  from  the  characteristic  organic 
remains  which  they  contain,  and  they  merge  by  slight  gradations 
one  into  anoth^.  The  classification  is  obTiousIx  approximate,  not 
absolute.  If  we  consider  them  together,  and  include  the  coral  muds, 
the  average  percentage  of  calcium  carbonate  upon  the  sea  bottom  at 
Tarious  depths  is  as  foUows: 

Vanatitm  o/calehtm  axrhoruUe  with  depth. 


Under  eOO  htliomi 86.M 

000  to  1,000  fothonw 66.86 

1,000  to  1,500  f&thoma 70.87 

1,600  to  2,000 fsthoma 6».e5 


2,000  to  S.SOO fathoms 46.73 

2,500  to  8,000  fathonu 17.36 

3,000  to  3,&00fathoma 88 

3,500  to  4,000  fathoms None- 


The  disappearance  of  carbonates  with  increasing  depth  is  thus 
deariy  shown. 

Of  all  these  deposits,  the  red  clay,  which  covers  about  51,500,000 
square  milee,  is  the  most  extensive,  and  from  a  chemical  point  of  view, 
the  most  interesting.  It  is  universally  distributed  in  the  oceanic 
basins,  but  is  typical  only  at  depths  ranging  from  2,200  to  4,000 
fathoms  and  far  from  land.  Various  theories  have  been  proposed  to 
account  for  its  formation;  but  Murray  and  Kenard  look  on  it  as  essen- 
tially a  chemical  deposit,  produced  by  the  decomposition  of  sihcatos 
of  vdcanic  origin.  Remnants  of  volcanic  rocks  are  found  on  nearly 
all  parts  of  the  ocean  floor,  and  fragments  of  pumice  arc  particularly 
common.  Some  of  these  doubtless  came  from  ordinary  subaerial  vol- 
canoes, either  as  direct  flows  into  the  ocean,  or  as  volcanic  dust  home 
long  distances  by  currents  of  air.  Other  fragments  represent  sub- 
marine volcanoes.  Some  of  the  specimens  studied  by  Murray  and 
Renard  were  quite  fresh,  others  were  largely  decomposed;  and  in  a 
number  of  them  zeoUtee  had  been  formed  by  subaqueous  alteration. 
Crystals  of  phillipsite  were  repeatedly  identified.  The  color  of  the 
day  is  due  to  ferric  oxide  or  hydroxide,  which  is  easily  removable  by 
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means  of  strong  acids.  In  &1I  essential  respects  the  day  resembles 
tho  residues  formed  by  the  decay  of  igneous  rocks.  Its  composition, 
as  shown  by  many  analyses,  is  extremely  variable. 

That  sea  wat«r  will  attack  and  dissolve  silicates  is  well  known, 
although  its  efficiency  is  less  than  that  of  fresh  water.  On  this 
subject  the  experiments  of  J.  Thoulet '  have  been  often  quoted  and 

A.  Johnstone  *  has  shown  that  even  so  refractory  a  mineral  as  talc  is 
slowly  but  perceptibly  soluble.  The  process  of  change  is  of  course 
almost  inconceivably  slow;  but  in  the  quiet  depths  of  the  ocean  it  has 
doubtless  be«i  going  on  throughout  all  geological  time.  It  began 
when  the  first  volcanic  ejectamenta  entered  the  sea,  if  such  a  moment 
can  be  ima^ned,  and  has  been  operative  continuoudy  to  the  present 
day.  Cosmic  and  other  dusts  have  contributed  something  to  the 
formation  of  the  clay,  and  so,  too,  have  animal  remains;  but  volcanic 
matter  seems  to  have  been  the  chief  starting  point.  This  is  the  view 
of  Murray  and  Renard,  and  it  is  the  opinion  beat  sustained  by  chemical 
evidence.  Possibly,  however,  submarine  volcanoes  must  also  be 
taken  into  account. 

In  addition  to  the  widespread  formations  mentioned  in  the  fore- 
going paragraphs,  the  sea  bottom  yields  many  interesting  products 
of  a  sporadic  or  local  character.  Among  them  are  the  w^-known 
mangimese  and  phosphatic  nodules  and  glauconite;  and  these  we 
may  briefly  consider  in  regular  order. 

Manganese,  as  oxide  or  hydroxide,  exists  in  all  deep-sea  deposits, 
sometimes  as  grains  in  the  clay  or  ooze,  sometimes  as  a  coating  upon 
pumice,  coral,  sheila,  or  fragments  of  bone,  and  often  in  the  form  of 
nodular  concretions  made  up  of  concentric  layers  about  some  other 
substance  as  a  nucleus.'  Even  in  shallow  waters,  as  in  Loch  Fyne  in 
ScoUand,  these  nodules  have  been  found,*  but  they  seem  to  be  more 
characteristic  of  the  deeper  ocean  abysses,  whence  the  dredge  often 
brings  them  up  in  great  numbers. 

The  origin  or  mode  of  formation  of  the  manganese  nodules  is  still 
in  doubt.  Murray '  regards  the  manganese  as  derived,  like  the  red 
clay,  from  the  subaqueous  decomposition  of  volcanic  debris.  C.  W. 
Gtlmbol  *  attributes  the  nodules  to  submarine  springs  holding  mangtii- 
nose  in  solution,  which  is  precipitated  on  contact  with  sea  water. 
Buchanan  ^  invokes  the  reducing  agency  of  organic  matter,  which 
transforms  the  sulphates  of  sea  water  to  sulphides,  precipitating  iron 

I  Compt  Rend.,  vol.  108,188a,  p.  TSS.  Set  also  noect  work  bj  J.  loly,  In  Compt.  rmd.  Vm.  Coog.  gftiL 
tattrnat.iWO.p.m. 

>  Proo.  Ro;.  Soc.  Edlnlnirgb,  vol.  IS,  ISW.p.  172. 

>  For  IdU  dcscrlptloD  Me  Ctullengtr  Bqit,  l>eep-«a  deposit!,  18BI,  pp.  Ul-STS.   See  eleo  I.  Hum;  and 

B.  Irvine,  Tisng.  Roy.  Soo.  Edlnbnrgb,  vol.  37, 1895,  p.  721. 

• }.  Y.  Buchenui,  Proa.  Roy.  Soc.  Ed[nbiirgb,  vol.  IS,  I8K,  p.  18. 

•  Pnic.Roy.  Boo.  Edliil)iirEli,vol.S,  lS7e,p.  2SS. 

«  See  abstnct  In  Meiiss  Jahrb.,  1878,  p.  8M. 

'  Proc  Roy.  Boc  Edlnbtntb,  vcd.  18, 18e0,  p.  IT. 
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and  manganese  in  the  latter  form  to  be  subsequently  oxidized.  This 
view  was  contested  by  K,  Irvine  and  J.  Gibson,'  who  showed  that 
manganese  sulphide  was  decomposed  by  sea  water,  the  manganese 
redissolving  as  bicarbonate.  3.  B.  Boussingault  *  holds  that  the  man- 
ganese was  dMived  from  carbonates  carried  in  solution  by  oceanic 
waters  and  a  similar  explanation  has  boon  offered  by  L.  IHeulaf  ut.* 
The  oxidation  of  the  carbonates  is  supposed  to  take  place  at  the  sur- 
face, through  atmospheric  contact,  aiter  which  the  precipitated  oxide 
falls  to  the  bottom  of  the  sea. 

Of  all  these  theories,  that  of  Murray  seems  to  be  the  beet  substan- 
tiated. The  manganese  can  easily  be  derived  from  the  alteration  of 
rock  frf^mente,  aa  it  is  by  weathering  on  land ;  it  goes  into  solution 
as  carbonate,  is  oxidized  by  the  dissolved  oxygen  of  the  sea  water, 
and  ia  precipitated  near  ite  point  of  derivation  around  any  nuclei 
which  happen  to  be  at  hand.  The  nodules  occur  in  close  association 
with  altered  volcanic  materials,  and  most  abundantly  in  connection 
with  the  red  clay  of  similar  origin;  furthermore,  their  impurities  are 
of  the  kind  which  the  su^^;ested  mode  of  formation  would  lead  us  to 
expect.  In  composition  the  nodules  vary  widely,  ranging  from  4.16 
to  63.23  pw  cent  of  manganese  oxide.  The  analysb  by  J.  Gibson  * 
is  the  most  complete  one  among  the  many  which  were  made,  and  is 
tiierefore  selected  as  representative.    The  entire  sample  contained — 

Wftter 29.65 

Aqueous  extract* 2.44 

Inaolnble  raddtie 17.83 

pOTtUmBolubUinHCl 49.97 

99.99 

1  Ptoc.  Boy.  Son.  Edmbaigh,  vot.  18, 1890,  p.  H. 
>Aiii>ItiOhliil.iihT9.,9UiMr.,TDl.Z7,lSS2,  p.  289. 
*  Compt  Rtnd.,  vol.  M,  IBSa,  p.  TIS. 

cr  Bcpt.,  Dmp««  doposlls,  ISBl,  pp.  417-123. 

■tUr  tpnnldably  Inclond  In  tba  uadulM.    Qlbson  flva  Its  oompoBltlon  in  det&ll. 
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The  insoluble  and  soluble  portions,  recalculated  separatdy,  are 
represented  in  the  subjoined  statement: 


InBCI. 

Imoiubto 
portion. 

^''"''':::"\:"::\::::::::::\::\\"\"\::\::'.:\" 

AiTd;                              

6.34 

26.97 
4.  GO 
4.03 

12.  S3 

^,...                    .................  . 

ca                                  

BaO    .          .            

42.  M 
1.96 

.S« 
.20 
.74 
.10 
.06 

CoO                                            

N^;:':::::':::' ::::::::::::::;::::::::;::::::;::: 

.22 
.14 
.20 
.94 
.68 
9.42 

v!o', 

K':;:::v;;:::::::::::::::::::::::::::::::::::::::::: 

CO,         -  ■ 

99.99 

W.83 

If  we  include  in  this  analysis  the  water  of  the  original  material  we 
see  that  it  represents  a  mixture  of  manganese,  iron,  and  aluminum 
hydroxides,  soluble  in  hydrochloric  acid,  with  an  insoluble  residue  of 
silicates.    The  specimen  came  from  a  depth  of  2,375  fathoms. 

The  phosphatic  concretions  found  on  t^e  ocean  floor  offer  a  sim- 
pler problem  for  solution.  As  Murray  and  Kenard  *  show,  they  are 
directly  derived  from  the  "decaying  bones  of  dead  animals,  upon 
which  carbonic  acid  exerts  a  powerful  solvent  action."  They  form, 
like  the  manganese  nodules,  around  various  nuclei,  but  pr^ersbly 
upon  organic  centers,  such  as  shells.  In  many  cases  the  phosphatic 
matter  was  firat  deposited  in  cavities  of  shells,  around  which  the 
nodules  continued  to  grow,  inclosing  various  muddy  impurities. 
Probably  tlie  ammoniacal  salts  which  are  generated  by  the  decompo- 
sition of  oi^anic  matter  in  the  bone  play  some  part  in  the  precipita- 
tion of  the  calcium  phosphate.  The  following  analyses,  by  Element, 
show  the  composition  of  these  bodies.  A  was  from  a  depth  of  150 
and  B  from  1,900  fathoms. 

1  CluUcngir  Bapt.,  D«p«»  dsposlti,  IWl,  pp.  3«7-Ma  O 
Bask,  B«  L.  W.  CoU«t,  Proc  R07.  Soc.  Bdlobarth  nO.  39,  U 
Fnuu»,  1th  scr.,  toL  G,  IKi,  p.  7fia. 
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A 

B 

P-O, 

19.96 

12.06 
1.37 
l.M 

39.41 

.87 

2.54 

1.19 

Ondet. 

17.34 

fUo; 

AiS--'---;-;;---;-;-;--":""---;-"--""""--"-:""":: 

Lon  on  ignidon 

3.86 

96.89 

99.71 

Analyses  of  the  inaoluble  reaidue  gave  tho  following  resulta: 
Aruthfttt  o/iiuolubU  rtiiduejrom  photphalie  eemerelwtu. 


SiO,-. 

MO.. 

MgO.. 


1.27 
1.18 

loasi 


"Oie  concretions,  t^en,  consist  mainly  of  calcium  phosphate  and 
carbonate,  mixed  with  sand  and  day. 

Hie  last  of  tbe  oceanic  deposits  which  we  need  to  consider  in  this 
connection  ia  ^^aucocite,  a  hydrated  silicate  of  potassium  and  ferric 
iron.  It  i9  widely  disseminated  upon  the  sea  bottom,  but  most  abun- 
dant^ in  compwatively  shallow  waters  and  near  the  mud  line  sur- 
rounding contbiental  shores — that  is,  it  is  formed  "just  beyond  the 
limits  of  wave  and  current  action,  or,  in  other  words,  where  the  fine 
muddy  particles  commence  to  make  up  a  considerable  portion  of  the 
deposits.'"  It  is  developed  principally  in  the  interior  of  shells,  but 
its  mode  of  formation  is  obscure.  Murray  and  Renard  ai^e  that 
after  the  death  of  the  organism  the  shell  first  becomes  filled  with  fine 
mud,  upon  i^ch,  iu  presence  of  the  sulphates  of  sea  water,  the 
oi^anic  matter  of  the  animal  may  act.  The  iron  of  the  mud  is  re- 
duced to  sulphide,  which  afterwards  oxidizes  to  ferric  hydroxide, 
alumina  bdng  at  the  same  time  removed  in  solution  and  colloidal 
silica  set  free.  The  latter,  reacting  upon  the  hydroxide,  in  presence 
of  potassium  salts  derived  from  adjacent  minerals,  finally  generates 


■  Uamj  nd  Bcnnd,  ChaUaDccr  R^t,  Da^«M  d^otlts,  ISSl,  p,3a 
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gtauconite.  This  theory  is  supported  by  the  observfttioa  that  the 
glauconitic  shells  are  always  associated  with  the  detritus  of  terrigenous 
rocks,  containing  orthoclase,  muscovite,  and  other  minerals  from 
which  the  necessary  potassium  could  be  obtained.  In  a  later  portion 
of  this  work  we  shall  have  to  examine  the  subject  of  glauconite  more 
fully.    An  elaborate  discussion  of  it  would  be  out  of  place  now. 

Oceanic  deposits,  then,  whether  of  shell,  coral,  red  day,  manganese 
nodules,  or  glauconite,  are  in  a  sense  the  fossil  records  of  daemical 
reactions  which  have  taken  place  in  the  depths  of  ih»  sea.  They 
represent  both  additions  to  and  withdrawals  of  matter  from  the 
waters  of  the  ocean,  with  the  formation  of  new  substances  by  chemical 
change.' 

The  relative  quantities  of  the  chemical  sediments  thus  annually 
formed  can  be  approximately  estimated.  For  this  purpose  we  may 
first  compare  in  detail  the  actual  amount  of  each  radicle  poured 
into  the  ocean  in  one  year  with  the  total  accumulation  of  saline 
matter  in  the  ocean  itself.    The  data  are  'given  in  the  following  table: 


Comparison  of  oceanic  arid  fluviatiU  lalti. 
lusIiddltlonoCeaclindlcle,  b^IfvBii,  computed  [rom  thedKs  almdy  glvan  In  Uie  praccd- 
iiialyna,  wltb  KanMns'i  valos  [or  Iha 


A.  The  .111 
lug  ebapMr. 

B.  TbB  u1[Qe  matter  la  the  ocaan,  oomputAd  from 
Tolume  of  the  ocean,  1,285,935,311  cjiblD  kHamBteii,  ani 


Aimu«l  from  rivers 
(metrio  tonsxl»)- 

In  ocean 

(metridtcauiXUl"). 

961,350 
332,030 
155,350 

CI 

24,614 
258,357 

57,982 
657, 870 

93,264 

75, 213 
S19, 170 

Na  

1,  721.  0 

sib^v;;; :■": :  ■■::■■■::::;::: 

2, 736,  OOOXIO* 

If  from  each  of  the  quantities  in  column  A  we  subtract  the  amount 
annually  retained  in  solution  by  the  sea,  the  difference  will  represent 
the  amount  precipitated.  To  do  this,  an  assumption  must  be  made 
as  to  the  age  of  the  ocean;  but  whatever  figure  is  assumed,  the  results 
wilt  be  of  the  same  order  of  magnitude.  For  example,  the  ocean 
contains  552.8x10"  metric  tons  of  dissolved  calcium;  which  quan- 
tity, divided  by  the  assumed  age,  gives  the  annual  increment.     If 

>  £.  J.  Joaes  (Jour.  AalatJa  8oc.  BmEsl,  vol.  SS,  pt.  3, 1B8T,  p.  109)  has  dascrlbed  anoUia  clasa  ol  marine 
nodulei.  The;  were  dredged  up  la  675  fathoms  ol  ntcroa  Colombo,  Ceflcn,  end  omtalaed  about  7S  pw 
ooDt  or  borium  sulphate. 
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the  age  of  the  ocean  is  100,000,000  years,  the  annual  addition  of 
calcium  has  been  5,528,000  tons;  if  only  50,000,000  years  it  is 
11,056,000  tons.  Subtracting  these  quantities  from  the  total  cal^ 
dum  of  the  river  waters  the  remunders  become  552,142,000  and 
546,614,000  tons,  respectiyely;  the  difference  being  leas  than  the 
actual  uncertainties  of  the  computation.  Calculating  upon  both 
assumptions  the  annual  precipitation  of  chemical  sedimente  is  aa 
follows,  in  metric  tons : 


Aga  of  ocean  (yMis) . 

SO4 

Ca 

^;;:;;;;::::::: 


100,000,000 


296,600,000 
562,142,000 
76,054,000 
52,874,000 
75,213,000 
319,170,000 


260,  B70, 000 
546, 614, 000 
58,844,000 
47, 766, 000 
75, 213, 000 
319,170,000 


If  we  assume  that  all  the  calcium  and  m^:nesium  are  precipitated 
as  carbonates  and  the  sesquioxides  as  hydrates,  the  total  amount 
of  chemical  sedimente  annually  deposited,  including  coral  reefs 
and  calcareous  oozes,  is  somewhere  between  2,200,000,000  and 
2,400,000,000  metric  tons.  A  little  lime  tmdoubtedly  goes  down  as 
snlplmte,  although  gypsum  or  anhydrite  is  found  in  oceanic  sedi- 
mente only  in  very  small  proportions.  Probably  much  of  the 
sulphuric  radicle  is  reduced  by  oi^anic  matter,  forming  sulphides. 
The  potassium  is  partly  taken  up  by  the  clay  substances  of  oceanic 
silt  and  partly  goes  to  form  glauconite,  but  there  are  no  data  from 
which  to  determine  its  actual  distribution.  SiUca  is  assumed  to  be 
wholly  thrown  down,  the  trifling  residue  held  in  solution  being 
n^Ugible.     Chlorine  and  sodium  are  held  to  remain  dissolved. 

The  figures  given  above  for  the  quantities  of  the  chemical  pre- 
cipitatee  are,  of  course,  by  no  means  accurate.  They  are  merely 
rough  approximations  to  the  truth,  but  they  tell  something  of  the 
relative  magnitudes.  Even  if  we  knew  precisely  the  age  of  the  ocean 
it  would  not  be  practicable  to  reckon  backward  and  so  to  determine 
the  total  mass  of  deposits  formed  during  geological  time.  The 
figures  tell  us  what  is  happening  to-day,  but  are  inapplicable  to  the 
past.  The  reason  for  this  statement  is,  that  apparently  the  different 
deposits  have  formed  at  different  rates.  In  the  beginning  of  chemical 
erosion  fresh  rocks  were  attacked,  and  relatively  more  silica  and  less 
lime  passed  into  solution.  At  present,  Umestones  laid  down  in  pre- 
vious geologic  ages  are  being  dissolved,  and  oalciom  is  added  to  the 
ocean  more  rapidly  than  in  pre-Oambrian  tim«.  This  is  not  mere 
speculation.  A  study  of  river  waters  with  refwence  to  their  origin, 
whether  from  crystalline  or  sedimentary  rooks,  fully  justifies  my 
assertions.  ,  -  1 
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So  much  for  the  annual  precipitation.  J.  Joly,'  by  a  different 
method,  has  calculated  that  the  total  mass  of  chemical  aedimenta  ia 
the  ocean  ia  about  19.5  XIO"  metric  tons.  This  estimate  is  not 
inconsistent  with  the  foregoing  computations.  Purely  mechanical 
sediments,  such  as  river  silt,  volcanic  ejectamenta,  or  dust  brought 
by  the  atmosphere  from  the  land,  are  obviously  left  out  of  considera- 
tion here.  Their  sum  total  could  hardly  he  estimated,  at  least  not 
with  existing  data.* 

POTASSIUM   AND    SUU^HATES. 

In  seeking  to  balance  the  gains  and  losses  of  the  ocean  some  aecotmt 
must  be  taken  of  potassium  and  of  sulphates.  The  latter  have 
already  been  mentioned  as  partly  reduced  by  oif^anic  matter,  a 
change  which  is  counterbalanced  to  some  extent  by  reozidation 
under  other  circumstances.  On  the  whole,  sulphates  seem  to  accu- 
mulate in  the  ocean,  but  the  figures  are  not  wholly  concordant  or 
satisfactory.  The  extent  of  their  precipitation  is  by  no  means  clear, 
althou^  ^ey  are  found  in  all  the  days  and  oozes  in  trivial  propor- 
tions. 

With  potassium  other  conditions  hold,  and  river  and  ocean  wat^* 
are  not  at  all  alike.  In  river  watera,  on  an  average,  the  proportion 
of  potassium  is  about  one-fourth  that  of  the  sodium; '  but  in  sea 
water  it  is  only  one-thirtieth.  In  the  igneous  rocks  sodium  and 
potassium  are  nearly  equal;  they  pass  unequally  into  the  streams, 
and  in  the  ocean  the  difference  is  still  further  increased.  What 
becomes  of  the  potassium  1 

The  answer  to  this  question  is  simple.  Hydrous  sihcates  of  alumi- 
num, the  clays,  are  able  to  take  up  considerable  proportions  of 
potassium  and  to  remove  its  salte  from  solutions.  According  to  J.  M. 
van  Bemmelen,*  ordinary  soils  will  extract  more  potassium  than 
sodium  from  solutions  in  which  tiie  salts  of  both  metals  are  present, 
even  where  tiie  sodium  is  in  excess.  Potassium,  then,  is  removed 
from  natural  waters  as  they  percolate  through  the  soil,  or  else  by  the 
suspended  silt  carried  by  streams.  The  sodiimi  is  not  so  largely  with- 
drawn, and  therefore  its  relative  proportion  tends  steadily  to  increase. 
One  metal  is  deposited  with  the  sediments,  the  other  remains  in 
solution. 

1  BxUiiaotlvlty  and  E«oli^y,  pp.  S7,  SS. 

■  In  an  Intenstlni  but  not  iltixathar  oonchuiva  pwar  [Jour.  Owlocr,  vol.  3,  IBM,  p.  lU)  J.  A.  Uddoi 
lui  •ndeavorad  lo  ibinr  tbat  the  diut  sarrl*d  by  the  atmoaplnn  li  of  gnatar  amonnt  Uum  tlie  tOt  tru»- 
partedbyrlvan.  SeealsaE.  E.  Fr«e,Scl<ni«,ToLa>,lM«,p.U3.  InBiilLBur.aoll»Ha.ag,t;.B.I>apt. 
AgT.,ini,PraegtTas  an  •laboraUdbouaslanDltluiiioTameDtolUig  Bill  br  wind,  tadatDllblbUo(r>ph7 
oftha  mbjvot. 

>  Ifany  ol  tbs  aoiljxa  af  rlw  iraUi,  as  pubUrtMd,  (how  no  potaahiin,  bnt  thli  only  matma  that  th*r 
an  Inconplata.  In  sni:^  <»Ma  the  alkallv  wire  ini(h«l  together  and  In  caloitallai  the  potaafcuD  waa 
Icocrad.    Ttaiitanpaciall7tiueotbol]cr-irBt<rBiial;saa. 

•  I«ndw.VeniiA»St&tlmsi(B<riin),TaLSl,tS77,ELlIS.  Tlwadwrptkadp<ltl«lilska*tNV«rtd»> 
Udwd  br  tlu  mik  of  many  hiTtatlfatan 
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These  observatjons  are  confirmed  in  part  hj  analyses  of  oceanic 
deposite,  although  the  evidence  is  often  incomplete.  The  larger 
number  of  analyses  given  for  clay,  mud,  and  ooze  in  the  OhdUenger 
report  contain  no  mention  of  alkalies,  but  when  the  latter  are  noted 
the  potassium  is  commonly,  not  always,  in  excess.'  In  glanconite  and 
phiUipeite  deposits  potassium  always  predominates.  L.  Schmelck,*  in 
his  analyses  of  clays  from  the  north^n  Adantic,  records  no  alkalies, 
but  K.  Katterer,*  in  sediments  from  the  eastern  Mediterranean  and 
the  Red  Sea,  found  small  quantities  of  potash  and  soda,  and  in  nearly 
every  instance  potash  was  the  more  abundant  of  the  two.  In  short, 
if  tiie  recorded  analyses  are  correct,  the  clays  and  oozes  of  the  deep 
sea  have  been  pardy  leached  of  their  alkalies;  but  some  of  the 
potassium  from  the  original  volcanic  material,  with  less  sodium,  has 
been  retained  in  the  production  of  zeolites.  Nearer  to  land  potassium 
has  been  used  in  the  formation  of  glauconlte,  and  still  nearer,  where 
mechanical  sediments  appear,  a  similar  discrimination  is  evident. 
Sodium  dissolves,  but  potassium  is  held  back.  Potassium  salts  are 
also  absorbed  by  some  seaweeds  in  hu^e  quantities.  This  has  been 
recently  shown  by  D.  M.  Balch,*  who  finds  that  Uie  giant  algee  of  the 
California  coast  are  remarkably  rich  in  potassium  chloride. 

THB  CHIiOHENH  OF   8BA  WATER. 

It  is  not  possible  at  present  to  trace  all  of  the  changes  which  take 
place  in  ocean  water,  nor  to  account  with  certainty  for  the  difference 
between  eea  salts  and  the  material  received  from  streams.  In  chem- 
ical character,  fresh  and  salt  water  are  opposites,  as  a  brief  inspection 
of  the  data  will  show.  In  ocean  water,  Cl>S04>C0,;  in  average 
river  water,  C0,>S0,>C3.  So  also  for  the  bases — in  the  first  case, 
Na>Mg>Caj  in  the  other,  Ca>i%>Na — a  complete  reversal  of  the 
order.  We  can  understand  the  accumulation  of  sodium  in  the  ocean, 
and  some  of  the  losses  are  accounted  for,  but  the  great  excess  of 
chlorine  in  sea  water  ia  not  easily  explained.  In  average  river  water 
sodium  is  largely  in  excess  of  chlorine;  in  the  ocean  the  opposite  is 
tine,  and  we  can  not  well  avoid  asking  whence  the  halogen  element 
was  derived.  Here  we  enter  the  field  of  speculation,  and  the  evi- 
dence upon  which  we  can  base  an  opinion  is  scanty  indeed.* 

To  the  advocates  of  the  nebular  hypothesis  the  problem  is  compara- 
tively simple.    If  our  globe  was  formed  by  cooling  from  an  incan- 


■  Dm  Ncnke  Kordbava-Expadftlon,  pL  B,  U82,  p.  St. 

1  IComtih.  Chanl^  nd.  U,  18B1,  p.  ««;  voL  U,  UW,  p.  S30;  ToL  30, 18W,  p.  1. 

•  JooT.  Induxt.  and  Eag.  Cham.,  toL  1, 1008,  p.  777. 

>  On  tha  iMln  batwnn  aodhim  md  cbkrina  In  ths  nHa  canled  by  rinn  to  tha  laa,  laa  2.  DnlM^  Frib. 
ete.Bii.,AiBaUriMmAmd.,rci,*,lta2,p.iSi.  OntlieiatlotNtwacaCIandSO(lnnamt<r,weB.Bu^ 
pbt,  ZtttMtar.  anvK.  Qiank,  vol  N,  itu,  p.  33. 
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descent  mass,  its  primitiTe  atanosphere  and,  ocean  most  have  be^i 
quite  iiulikfl  the  present  envelopes,  and  we  may  fairly  eappoee  that 
they  contained  large  quantities  of  acid  Bubstances.  Hydrochloric 
acid  in  the  atmosphere  would  imply  a  solution  of  hydrochloric  acid 
in  the  sea,  which  might  in  time  be  neutralized  by  the  bases  dissolved 
from  rocks  and  poixred  by  rivers  into  the  common  reservoir.  This 
argument  has  been  especially  developed  by  T.  Sterry  Hunt,'  who 
shows  that,  if  his  premises  are  sound,  the  primeval  ocean  most  have 
been  much  richer  in  calcium  and  magnesium  than  the  sea  is  to-day. 
The  richness  of  some  artesian  waters  of  Canada  in  lime  salts,  waters 
which  Hunt  regards  as  fossil  remiunders  from  the  early  sea,  may  be 
cited  in  support  of  his  views. 

On  the  other  hand,  K.  A.  Daly  *  has  cited  paleontological  data  in 
favor  of  the  view  that  the  pre-Cambrian  ocean  was  nearly  free  from 
hme.  The  absence  of  fossils  from  rocks  of  an  age  immediately  pre- 
cedii^  a  period  rich  in  highly  developed  calcareous  forms  is  taken  as 
evidence  that  the  earhest  life  was  essentially  shell-less  and  soft^ 
bodied,  in  consequence  of  a  deficiency  of  lime  salts  in  its  environment. 
It  is  possible,  however,  that  the  pre-Cambrian  animals  were  developed 
under  conditions  which  favored  the  formation  of  aragonitic  rather 
than  calcitic  exoskeletons.  Aragonitic  sheJls  dissolve  much  more 
readily  than  those  formed  of  calcite,  and  ther^ore  rarely  appear  as 
fossils. 

Another  group  of  writers,  seeking  to  avoid  the  nebular  hypothesis, 
conceive  the  earth  as  having  been  built  up  by  tiie  slow  aggregation  of 
small,  solid,  and  cold  meteoric  bodies.*  Each  of  these,  it  is  supposed, 
carried  with  it  entangled  or  occluded  atmospheric  matcaiid.  In 
course  of  time  central  heat  was  developed  by  pressure,  and  a  partial 
expulsion  of  gas  followed,  thus  forming  an  atmosphere  derived  from 
within.  When  the  atmosphere  became  adequate  to  retain  solar  heat, 
and  so  to  raise  the  surface  temperature  of  the  globe  above  the  freezing 
point,  the  hydrosphere  came  into  existence;  hut  of  ita  chemical  nature 
at  the  beginning  nothing,  so  far  as  I  am  aware,  has  been  said  by  the 
advocates  of  this  doctrine.  There  is,  however,  an  analogy  which  may 
be  utilized.  Meteoric  iron  frequently  incloses  anhydrous  ferrous 
chloride,  or  lawrenceite,  a  fact  of  which  the  curators  of  collections 
are  painfully  aware.  The  ferrous  chloride  deliquesces,  the  liquid 
formed  then  undergoes  oxidation,  ferric  hydroxide  is  deposited,  and 
acid  solutions  are  developed  which  still  further  attack  the  iron. 

■  Am.  Jour,  ficl.,  M  sra.,  to).  39, 1S85,  p.  ITfl;  ud  Tarlous  pvn  1°  ^>^  Qumlcal  and  gMilo|loaI  — y 
Sw  al3o  J.  Jd];,  oa  tlio  geokiefo  age  or  the  «aftb.  Id  Tiaiu.  Ki>7.  Dublin  Bo«.,  3d  ser.,  voL  T,  law,  p. »:  nd 
B.  A.  Taylor,  Proc.  MHnchcstar  Lll.  Phlloa.  Boc,  vol.  M.  1906,  p.  Iz. 

■Am.  JouT.ScL,4Uiser.,TaL33,inV,p.n.  AtooBlatetpap*rliiBaU.aML  Boc  JbMrtMiTaLSO.im, 
p.  153. 

i.  i,  18B7,  pp.  K3  at  Mq.;  also  H.  L.  FalraUld,  Am.  OeoloeM, 
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Through  this  process  of  corrosion  certain  meteoric  irons  have  crum- 
bled into  masses  of  rust  and  disappeared  as  specimens  from  museums. 
If,  now,  the  earth  was  formed  from  meteoric  masses,  some  of  them 
doubtless  contMned  this  annoyir^  impurity,  and  chlorine  from  that 
source  may  have  reached  the  primeval  ocean.  In  fact,  A.  DaubrSe  * 
found  lawrencute  in  the  terrestrial  native  iron  from  Ovifak.  The 
planetesimal  hypothesis  is  evidently  not  inconsistent  with  the  excess 
of  oceanic  chlorine.  It  is  also  in  harmony  with  the  idea  odvancedby 
E.  Suess,*  that  the  ocean  has  received  large  accessions  from  volcanic 
sources.  Hydrochloric  acid  and  volatile  chlorides  exist  in  volcanic 
emanations  and  must,  to  some  extent,  reach  the  sea.  G.  F.  Becker 
has  recently  *  discussed  this  phase  of  the  problem  and  has  shown  that 
a  comparatively  moderate  emission  of  volcanic  chlorine  would  fully 
account  for  the  excess  of  that  element  in  the  ocean.  But  if,  as  has 
often  been  suggested,  the  volcanic  gases  were  first  derived  from 
oceanic  infiltrations,  they  represent  no  gain  to  the  ocean,  and  this 
question  is  still  at  issue. 

THE  DISSOIiTED    OASES. 

Up  to  this  point  we  have  considered  only  the  saline  matter  of  the 
ocean;  but  the  dissolved  gases  are  almost  equally  important  and  have 
been  the  subject  of  exhaustive  investigations.  The  earlier  researches 
were  not  altogether  satisfactory,  and  we  need  therefore  examine  only 
the  more  recent  data,  first  as  to  the  eoi  and  then  as  to  the  carbonic 
acid  of  sea  water. 

The  solubility  of  a  gas  in  water  varies  with  its  nature  and  with  the 
temperature,  being  greatest  in  the  cold  and  diminishing  as  the  sol- 
vent becomes  warmer.  The  Arctic  Ocean,  therefore,  dissolves  more 
BIT  than  the  waters  of  tropical  regions,  and  it  also  seems  to  carry  a 
greater  proportion  of  oxygen.  We  have  already  seen,  in  studying 
the  atmosphere,  that  water  exercises  a  selective  function  in  the  solu- 
tion of  air,  so  that  the  dissolved  gaseous  mixture  is  enriched  in  oxy- 
gen. Ordinary  aii  contains  by  vcdume  only  about  one  part  in  five  of 
oxygen;  dissolved  air  contains,  roughly,  one  part  in  three;  although, 
as  we  shall  see,  the  proportion  changes  as  conditions  vary.  £)ven  the 
salinity  of  the  ocean  must  probably  be  taken  into  account,  for  the 
reason  that  some  if  not  all  gases  are  less  soluble  in  salt  than  in  fresh 
water.  According  to  the  experiments  by  F.  Clowes  and  J.  W.  H. 
Biggs,*  salt  water  dissolves  only  82.9  per  cent  as  much  oxygen  as  is 
absorbed  by  fresh  water.  So  large  a  difference  can  not  well  be 
ignored. 

■  ttuSn  lyntMtlgiMa  d*  giciaelf  eipirlnienlale,  ISTV,  p.  tST. 

■  0«cc.  Joar.,  T<iL  70,  IWB,  p.  ISO.    8«a  also  C.  Doaltw,  SltiUDSsb.  Ated.  Who,  vol.  112, 1W3,  p.  TOt. 
•Smtthnataii  ICbc  CoU.,  toL  W,  Na  fl,  ISIO. 

•  Jonr.  Soo.  Cham.  Ind-.ToL  3S,  loot,  p.  asg. 
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To  ffluBlrate  the  difference  in  solubility  between  the  two  principfd 
atmoBpheric  gaaea,  we  may  use  the  data  given  by  O.  Pettersson  and 
K.  Sond4n.>  In  pure  water  the  gases  dissolve  unequally,  and  the  fol- 
lowing table  showB  their  solubility  Uu^ughout  a  fair  range  of  atmos- 
pheric temperaturea.  The  figures  represent  tiie  number  of  cubic  cen- 
timeters of  each  gas,  at  760  millimeters  pressure,  required  to  saturate 
1  liter  of  water;  and  the  last  column  gives  tiie  percentage  of  o:^gen 
in  the  dissolved  mixtiire,  when  N-hO=  100. 

Solvbtiit!/  of  nitrogen  and  oxygen  in  tmter  at  variout  temperatun*. 


T«lip«. 

Nitrogen 

.SSIS. 

"■- 

oroiyg«. 

.. 

0 

19.53 

laoi 

33.88 

6.00 

16.34 

33.60 

6.32 

16.60 

8.3» 

9.18 

16.58 

7.90 

33.60 

13.70 

14.16 

7.14 

33.51 

14.10 

14.16 

7.05 

33.24 

When  we  recall  the  fact  that  ordinary  air  contains  only  21  per  cent 
of  oxygen,  the  magnitude  of  the  change  produced  by  solution  becomes 
manifest. 

In  sea  water  the  same  relation  holds  approximately,  but  the  enrich- 
ment is  slightly  greater.  H.  Tomoe,'  assisted  by  S.  Svendsen,  made 
94  analyses  of  air  extracted  from  the  water  of  the  North  Atlantic 
and  found  the  oxygen  in  the  mixture  N  -I-  O  to  range  from  a  TninimiiTn 
of  31  to  a  maximum  of  36.7  per  cent.  Between  70°  and  80°  lati- 
tude the  average  was  35.64  per  cent;  below  70°  it  was  34.96.  At  the 
surface  the  mean  percentage  of  oxygen  was  35.3,  and  it  diminished 
with  the  depth  from  which  the  samples  were  taken  down  to  300 
fathoms,  when  the  proportion  was  reduced  to  32.5.  Below  300 
fathoms  the  percentage  of  oxygen  was  nearly  constant.  O.  Jacobsen,* 
analyzing  dissolved  air  from  the  water  of  the  North  Sea,  obtuned 
a  range  of  25.20  to  34.46  per  cent,  the  surface  average  being  33.95. 

Still  more  elaborate  are  the  data  published  by  W.  Dittmar,*  whose 
samples  of  dissolved  air  came  from  many  points  in  the  Atlantic, 
Pacific,  Indian,  and  Antarctic  oceans.  The  maximum  amount  was 
found  in  the  Antarctic — 28.58  cubic  centimeters  of  air  to  the  liter  of 
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water,  containing  35.01  per  cent  of  oxjgea.  The  mininrtHm,  13.73 
cable  centimeters  and  33.11  per  cent,  was  obtained  at  a  point  south- 
east of  the  FhUippioe  Islands.  The  general  conclusions  as  to  the 
solubility  of  nitro^m  and  oxygen  in  sea  water  at  different  temperai- 
tures  appear  in  the  table  following. 

BobMlity  0/  ni^ogen  and  oxygen  in  tea  iDoUr  at  varwu  temperaturet. 


Dbsohwl 

DtaDlTBd 

Tanpmbira. 

ofoiygBn. 

•c. 

15.60 

M8 

34.40 

S 

13.86 

7.22 

34.24 

10 

12.47 

6.45 

15 

1L34 

6.83 

33.93 

20 

10.41 

5.31 

33.78 

26 

9.62 

4.87 

33.62 

8.M 

4.  BO 

33.47 

35 

8.36 

4.17 

33.31 

No  aif^ument  is  needed  to  show  the  importance  of  the  facte  thus 
developed.  The  dissolved  oxygen  plays  a  double  part  in  the  activities 
of  the  ocean — first  in  maintaining  the  life  of  marine  organisms,  and 
second  in  oxidizing  dead  matter  of  organic  origin.  By  the  latter 
proceea  carbon  dioxide  is  generated,  and  that  compound,  aa  we  have 
already  seen,  helps  to  hold  calcium  carbonate  in  solution.  Its  other 
function  as  a  possible  regulator  of  climate  will  be  considered  presently. 

Free  or  half-combined  '  carbonic  acid  is  received  by  the  ocean  from 
various  sources.  It  may  be  absorbed  directly  from  the  atmosphere  or 
brought  down  in  rain;  it  enters  the  sea  dissolved  in  river  water;  it  is 
derived  from  decaying  organic  matter,  and  submarine  volcanic 
springs  contribute  a  part  of  the  supply.  The  free  gas  is  also  liberated 
bom  bicarbonates  by  the  action  of  coral  and  shell  building  animals, 
which  assimilate  the  normal  calcium  salt.  Carbonic  acid  is  continu- 
ally added  to  the  ocean  and  continually  lost,  either  to  the  atmosphere 
agun  or  in  the  maintenance  of  marine  plants,  and  we  caJi  not  say  how 
nearly  the  balance  between  accretions  and  losses  may  be  preserved. 
The  equilibrium  is  probably  far  from  perfect;  it  may  be  disturbed  by 
changes  in  temperature  or  by  the  agitation  of  waves,  and  every  varia- 
tion in  it  leads  to  important  consequences.  It  is  estimated  that  the 
ocean  contains  from  eighteen  to  twenty-seven  times  as  much  carbon 
dioxide  as  the  atmosphere,  and  that  it  is  therefore,  as  T.  Schloesing  * 
has  pointed  out,  the  great  regulative  reservoir  of  the  gas. 

I A  much  QMd  bat  Imxact  aximasien.  It  dcscrlbta  tbaBtoond  mOlecuia  of  ouboalocld  wU^anvvts 
ttw  Donnal  nlta  Into  blcsibonates. 

>  Om^t.  BtDd.,  TOL  to,  UW,  p.  1410.  8m  aba  A.  Krogb,  UedddslMT  on  ani«ilai>d,  lOl.  »,  UN, 
pp.l»,«OL 
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Nearly  aH  of  the  authorities  thus  far  quoted  with  reference  to  tlie 
dissolved  air  of  sea  water  have  also  studied  the  omnipresent  carbonic 
acid.  Jacobsen,  Hamberg,  Tomoe,  Buchanan,  Dittmar,  Natterer,  and 
others  have  made  numerous  determinations  of  its  amount,  and  as  a 
general  rule  the  quantities  found  were  insufficient  to  traosform  all  of 
the  normal  calcium  carbonate  into  the  acid  salt.  Tomoe,  as  the  aver- 
age of  78  sea-water  analyses,  found  52.7S  milligrams  to  the  liter  of 
fully  combined  carbon  dioxide,  and  in  addition  43.64  milligrams  avail- 
able for  the  formation  of  bicarbonates.  Results  of  the  same  order 
were  obtained  by  Natterer  in  his  examination  of  waters  from  the 
Mediterranean.  Normal  carbonate  and  bicarbonate  are  both  present 
in  sea  water,  although  in  a  few  exceptional  determinations  during  the 
Challenger  expedition  the  carbonic  acid  was  clearly  in  excess.  Such 
instances,  however,  are  rare,  and  are  ascribable  to  purely  local  and 
unusual  conditions. 

The  carbonic-acid  determinations  of  the  GhaXUnger  voyage  were 
conducted  partly  by  J.  Y.  Buchanan  on  shipboard,  and  partly  by 
W.  Dittmar  on  land.*  The  combined  acid  has  already  been  accounted 
for  in  the  analyses  given  for  sea  salts;  the  "loose,"  free,  or  half-com- 
bined acid,  is  more  variable.  Its  average  amount,  in  milligrams  to 
the  hter,  at  different  temperatures  appears  in  the  following  table: 

Avtmgt  amount  ofjite  carhtmic  add  in  tea  waUr  at  variout  Umperaturet. 
[UnUgnuns  per  liter.) 

26''to28.7»C 35.88  I  10' to  IS'-O 43.60 

20''to25'C 37.18     6*  to  WO 47.21 

15''to20«C 42.68  |  -I.40  to +3.2»C 63.31 


That  is,  the  ocean  contains  less  free  carbonic  acid  in  wfurii  than  in 
cold  latitudes.  Its  avenge  quantity  is  estimated  by  Mturay  at  45 
milligrams  per  liter,  which  is  equivalent  to  a  layer  of  carbon  3.45 
centimeters  thick  over  the  entire  oceanic  area.  For  different  depths 
of  water  the  variations  in  carbonic  acid  are  less  pronoimced,  as  may 
be  seen  from  the  subjoined  averages: 

Avtrage  amount  o/frte  carbonic  add  in  SM  water  at  varioiu  depth*. 

[icmigrsnu  p«  UMr.l 


Surface 42.6 

ZSbtliomB 33.7 

WfatboDiH 48,8 

lOOfafliODW 43.6 

200£athomB 44.6 


300  fathomB 44. 0 

400  iathomfl 41. 1 

SOOiathomg 42.2 

More  than  800  fathoms 44.6 

Bottom 47.4 


The  figures  are  derived  from  195  determinations  by  Buchanan,  and 
the  individual  numbers  range  from  19,3  to  96  milligrams  to  the  liter. 
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In  15  detominations  the  carbonic  acid  was  in  excess  of  the  amount 
neceesaiy  to  form  bicarbonates ;  in  only  22  was  it  sufficient  to  fully 
convert  the  normal  into  the  acid  salt. 

In  the  light  of  the  evidence  just  presented,  and  speaking  from  the 
point  of  view  of  the  modem  theory  of  solutions,  we  may  say  that  the 
water  of  the  ocean  contains  not  only  the  normal  carbonic  ions,  CO,, 
but  also  a  considerable  proportion  of  the  bicarbonic  ions  HCO^. 
The  latter  ions  are  imstable,  and  their  existence  is  conditional  on 
temperature,  so  that  although  they  are  continually  forming  they  are 
as  continually  being  decomposed.  That  is,  between  the  ocean  and 
the  atmosphere  Uiere  is  an  interchange  of  carbonic  acid,  which  is 
released  from  the  water  in  warm  climates  and  absorbed  again  in  the 
cold.  The  atmospheric  supply  of  carbon  dioxide  is  thus  alternately 
enriched  and  impov^ished,  and  the  conditions  affecting  equihbrium 
are  of  several  kinds.  This  problem  has  been  elaborately  discussed 
by  C.  F.  Tolman,  jr.,*  from  the  standpoint  of  the  physical  chemist, 
and  his  memoir  should  be  consulted  for  the  detailed  argument.  The 
essential  features  of  the  evidence  upon  which  a  theoretical  discussion 
can  be  based  are  already  before  us.  We  have  considered  the  oceanic 
losses  and  gains  of  carbon  dioxide,  and  it  remains  to  correlate  them 
with  the  corresponding  changes  in  the  atmosphere.  This  can  not  be 
done  quantitatively,  for  the  rates  of  consumption  and  supply  are  not 
measurable.  In  particular,  the  carbon  dioxide  from  volcanoes  and 
volcanic  springs  is  not  a  determinable  quantity. 

That  the  surface  of  the  earth  has  been  subjected  to  climatic  alterna- 
tions, to  glacial  periods  and  epochs  of  greater  warmth,  is  a  conmion- 
place  of  geology.  To  account  for  such  changes,  various  astronomical 
and  physical  theories  have  been  proposed,  and  with  these,  of  course, 
chemistry  has  notJling  to  do.  Whether,  for  example,  the  solar  con- 
stant of  radiation  is  really  a  constant  or  not  is  a  question  which  the 
chemist  can  not  attempt  to  answer.  The  chemical  portion  of  the 
problem  is  all  that  concerns  us  now;  and  that  relates  to  the  variable 
carbonation  of  the  atmosphere. 

The  researches  of  Arrhenius  on  the  possible  climatic  significance  of 
carbon  dioxide  were  cited  and  criticized  in  a  previous  chapter,  and  we 
then  saw  that  its  variation  in  the  atmosphere  might  be  attributed  to 
fluctuating  volcanic  activity.  A  varying  supply  of  the  gas  was 
postulated,  and  its  influence  on  atmospheric  temperatures  was  shown 
to  offer  a  plausible,  but  not  well-sustained,  explanation  of  alternating 
climates.  A  variable  consumption  of  carbon  dioxide  would  obviously 
produce  much  t^e  same  effect,  and  it  is  therefore  evident  that  supply 

ijoor.  Ottdocy,  toL  7,  lan,  p.  089.  Sae  iLba  mvixilra  by  C,  J.  J.  Foe,  Tram,  Fuaday  aoc.,  vol.  E,  IMS, 
p.  m:  J.  BtkEllti,  Fub.  lOT,  CanMglt  Inat.  ut  Wuhlogtoii,  1MB,  p.  235;  E.  Ruppbi,  Zdttcfar.  uurg.  Ctaamle, 
voL M,  IBIO, p.  122.   RappludlscuncagspecUtrtbealkalliiltyolMBinihi. 
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and  loes  must  be  considered  together.  Disregarding  for  the  moment 
the  doubtful  validity  of  Airhenius's  hypothesis,  we  may  consider  the 
interesting  work  of  T.  C  Chaniberlin,*  who  has  sou^t  to  show  that 
the  ocean  is  the  prime  agent  in  producing  the  observed  chaoges. 
The  supphes  of  carbon  dioxide  are  drawn  from  the  storehouse  of  the 
ocean,  they  are  consumed  in  the  decomposition  of  uUcates  on  land, 
and  they  are  regenerated  by  the  action  of  lime-secreting  ji.niTnA.1fl, 
which  set  carbonic  acid  free,  as  well  as  by  changes  in  temperature. 

According  to  Chamberlin,  an  important  factor  in  climatic  varia- 
tion is  the  fluctuating  elevation  of  the  land.  During  periods  of 
maximum  elevation,  when  the  largest  land  surfaces  are  exposed  to 
atmospheric  action,  the  consumption  of  carbon  dioxide  in  rock 
weathering  is  great  and  the  air  becomes  impoverished.  When  depres- 
sion occurs  had  the  ocetuuc  area  enlargee,  a  smaller  quantity  of  sili^ 
cates  is  decomposed  and  less  carbonic  add  disappears.  The  fiist 
(diange  is  thought  to  produce  a  lowering  of  temperature,  -which  is 
increased  by  the  consequent  greater  absorbabihty  of  carbon  dioxide  in 
sea  water;  the  second  causes  a  relative  rise,  intraistfied  by  a  release  of 
the  gas  from  solution.  Enlargement  of  land  area  impUea  a  low  tem- 
perature, whereas  a  decrease  is  conducive  to  warmth,  both  conditions 
hinging  on  the  variabihty  produced  in  the  atmospheric  supply  of  car- 
bonic acid  and  its  effectiveness  as  a  retainer  of  solar  radiations. 

But  this  is  not  all  of  the  story.  A  depression  of  the  land  ia  ac- 
companied by  an  increased  area  of  shoal  water  in  which  lime- 
secreting  ot^anisms  can  flourish,  and  they  hberate  carbon  dioxide 
from  bicarbonates,  A  period  of  limestone  formation  is  therefore 
correlated  with  an  enrichment  of  the  atmosphere,  and  consequentiy 
with  the  maintenance  of  a  mild  dimate.  The  ocean  is  the  great 
reservoir  of  carbonic  acid,  and  upon  its  exchanges  with  the  atmos- 
phere the  variations  of  climate  are  supposed  partiy  to  depend.  Hiis 
a^ument  does  not  exclude  consideration  of  the  volcanic  side  of  the 
problem,  but  the  oceanic  factor  seems  to  be  the  lai^er  of  the  two. 

Chamberlin's  theory  is  ingenious,  but  may  perhaps  carry  more 
weight  if  stated  in  somewhat  different  form.  C.  0.  Abbot  and  F.  E. 
Fowls,'  who  have  studied  the  influence  of  the  atmosphere  upon  solar 
radiations  with  great  care,  show  that  in  the  lower  r^ons  of  the  atmos- 
phere water  vapor  is  present  in  such  quantities  as  almost  complete)^  to 
extinguish  the  radiation  from  the  earth  irrespective  of  the  presence 
of  carbon  dioxide.  They  tiierefore  say  that  "it  does  not  appear 
possible  that  the  presence  or  absence  or  increase  or  decrease  of  the 
carbonic  acid  contents  of  the  air  are  likely  to  appreciably  influence 
the  temperature  of  the  earth's  surface." 

<  Jottr.  0«olac7,  toL  S,  1W7,  p.  S»;  vdL  S,  189S,  pp.  451,  «09;  ToL  T,  ISM,  pp.  M,  WT,  751.    Cbuiibtdlol 
Ttnn  art  ivItkJHd  br  A.  Kro^  Id  UaddsWsa  om  Oroiiilmiid,  toL  2B,  UM,  pp.  in, «», 
■  AnDBbAslnphys.  Otea^.,  tdL  2,  ItOS,  pp.  m,  ITS. 
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Water  vi^r,  thai,  is  the  chief  agent  in  the  atmospheric  regulation 
of  chmate,  and  to  this  conclusion  Chambeiiin's  theory  may  be 
adjuBted.  When  the  area  of  land  surface  increaaefl,  evaporation 
from  the  ocean  diminishes,  and  vice  versa.  The  climatic  conditions 
may  vary  as  Chamberlin  claims,  but  the  relative  dryness  or  wetness 
of  the  atmosphere  may  be  the  true  cause  of  fiuctuating  temperatures, 
rather  than  the  carbon  dioxide. 

INFUTBNCB  OF  UVING  ORGANISMS  ON  THB  OCEAN. 

One  other  important  factor  in  marine  chemistry  remains  to  be 
considered — ^namely,  the  influence  of  living  organisms.  These,  both 
plants  and  animab,  are  almost  incredibly  abundant  in  the  ocean,* 
and  their  vital  processes  play  a  great  part  in  ita  chemical  activities. 
This  fact  has  already  been  noted  on  what  might  be  called  its  inor- 
ganic ^de — that  is,  with  reference  to  the  function  of  marine  organ- 
isms in  secreting  phosphate  and  carbonate  of  lime.  Coral  reefs  and 
the  submarine  oozes  are  made  up  of  animal  remains,  calcareous  or 
mliceous,  and  their  a^r^ate  amount  is  something  enormous. 

The  living  animals,  however,  do  much  more  than  to  secrete  inor- 
ganic material.  In  developing  they  absorb  laige  quantities  of  car- 
bon, hydrogen,  nitrogen,  and  oxygen,  the  principal  constituents  of 
their  soft  tissues.  These  elements,  in  one  form  of  combination  or 
another,  are  released  again  by  decomposition  after  the  organism 
dies,  and  they  are  also  eliminated  to  a  certain  extent  by  the  vital 
processes  of  the  Uving  creatures.  Where  life  is  abundant  there  car- 
bon dioxide  is  abundant  also,  and  its  activity  as  a  solvent  of  calcium 
carbonate  is  greatest.*  The  relations  of  the  ocean  to  carbon  dioxide 
can  not  be  completely  studied  without  taking  into  account  both 
plant  and  animal  life. 

When  marine  animab  die  they  may  become  food  for  others,  the 
scavengers  of  the  sea,  or  they  may  simply  decompose.  The  latter 
fate,  obviously,  most  often  befalls  creatures  whose  soft  parts  are 
protected  by  hard  shells.  Water,  carbon  dioxide,  and  ammoniacal 
salts  are  the  chief  products  of  decomposition,  and  anunonium  car- 
bonate, thus  formed,  acta  as  a  precipitant  of  calcium  compounds,' 
The  calcium  carbonate  thus  thrown  down  is  in  a  finely  divided  con- 
dition, and  therefore  pecuharly  available  for  absorption  by  coral 
and  shell  builders.  The  ammonium  salts  also,  as  shown  by  Murray 
and  Irvine,  are  food  for  the  marine  flora,  and  on  that  some  portions 
of  the  fauna  subsist. 

■  ThasbimdaiK*  of  lUatn  the  oanDiatdmlntil;  stated  by  V.  K.  BnMte,  In  Jour.  Oaology,  vol.  3, 1984, 
f,  tSS.    Its  ■*<— *"'  ilciilBautee  con  hudlr  b*  uncgmtad. 

•  floe  W.  L.  Ckrp«nl«r  In  C.  WyvDla  TtwmBn'i  Dqitha  of  ths  M«,  1874,  pp.  fiOZ-fill.  WIiBtCOiwai 
•tandaiit  In  bottann  ■»!■■,  tba  indgt  brought  up  a  tood  haol  ol  UtIdc  tanm.  Wlun  It  mi  drilotai^ 
lb*  hiola  mrB  poor. 

'Bm  I.  Homy  and  R.  Irrfau,  Froc  Roy.  Boo.  Edlaburgb,  toL  IT,  188»,  p.  BV, 
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But  this  is  not  all.  Decomposing  organic  matter  reducee  the 
sulphates  of  sea  water  to  sulphides,  which  by  reaction  with  carbonic 
acid  yield  sulphureted  hydrogen.  Hub  process,  aa  shown  by  Murray 
and  Irvine,'  is  particularly  effective  in  bottom  waters  in  contact 
with  "blue  mud,"  and  by  it  local  changes  are  produced  in  the 
composition  of  the  waters  themselves.  Bacteria  also  assist  in  the 
process,  and  according  to  N.  Androussof,'  this  H^  fermentation  Lj 
especially  conspicuous  in  the  Black  Sea.  Some  of  the  hydrogoi 
sulphide  passes  into  the  atmosphere  and  is  lost  to  the  ocean;  some 
of  it  reacts  upon  the  iron  sihcates  of  tiie  sea  floor,  to  form  pyrite  or 
marcasite;  and  some  is  reoxidized  to  produce  sulphates  again. 
From  all  of  these  considerations  we  see  that  the  biochemistry  of  the 
ocean  is  curiously  complex,  and  that  its  processes  are  conducted 
upon  an  enonnous  scale.  The  magnitude  of  their  influence  can  not 
be  expressed  in  any  quantitative  terms,  and  must  long  remain  an 
unmeasured  factor  in  marine  statistics.  In  all  probability  the  cir- 
culation and  distribution  of  carbon  in  the  ocean  is  as  much  influ- 
enced by  hving  beings  as  by  exchanges  between  the  sea  and  the 
atmosphere. 

AGE   OF   THE    OCEAN. 

The  facts  that  we  can  estimate,  with  some  approach  to  exactness, 
the  absolute  amount  of  sodium  in  the  sea,  and  that  it  is  added  in  a 
presumably  constant  manner  without  serious  losses,  have  led  to  va.- 
rious  attempts  toward  using  its  quantity  in  geological  statistics.' 
The  sodium  of  the  ocean  seems  to  furnish  a  quantitative  datum  from 
which  we  can  reason,  whereas  calcium,  magnesium,  siUca,  potassium, 
etc.,  are  more  or  less  deposited  from  solution,  and  so  become  una- 
vailable for  the  discussion  of  such  problems  as  that  of  geologic  time. 

Nearly  200  years  ago  Edmund  HaUey  *  su^ested  that  the  age  of 
the  earth  might  be  ascertained  by  measuring  the  rate  at  which  rivers 
deUvered  salt  to  the  sea.  The  suggestion  was  of  course  fruitlesa  for 
the  time  being,  because  the  data  needed  for  such  a  computation  were 
undetermined,  but  it  was  nevertheless  pertinent,  and  it  now  seems 
to  be  approaching  realization.  For  reasons  already  given,  the 
method  proposed  for  estimating  geologic  time  can  as  yet  be  only 
applied  provisionally,  the  data  still  being  imperfect  although  rapidly 
accumulating.  The  present  state  of  the  problem  is  worth  consider- 
ing now. 

1  Truu.  Roy.  Soc.  Edlntiareh,  vdL  37, 18U,  p.  4S1.  Bm  ftbo  ClwlhDeer  R^.,  DMfXM  dapMKa,  18n, 
p.  ZM;  W.N.  HarUeyiFroc.RoT.  Soc.EdlDbiirgh,y«L2l,lS>T,p.i5;  lod  Hamrand  IrTiDa,ld«ni,p.3(. 

■  Quid*  dM  sionnloDi  da  VU  Cong.  g&L  intomt.,  Ma.  SS. 

■  Se«,  Cor  siiunpU,  ChapUi  I  of  the  pnaaat  Toliinu,  when  the  rdMtve  nhnnei  of  the  ndlnuutaryrook) 

<  Ptifko.  Tram.,  Tol.  29,  infi,  p.  206.   See  in  ilMtiact  In  O.  F.  BeAn'l  Aia  ol  the  mitlu  & 
lllN.  CoU.,  ToL  K,  Nc.  a,  UIO;  ilw  in  Bohno*,  ToL  SI,  1810,  p. «), 
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llie  firet  really  seriotia  attempt  to  measure  geologic  time  by  the 
annual  additiona  of  sodium  to  the  ocean  seems  to  have  been  made  by 
J.  Joly  *  in  1899.  Joly,  with  Murray'a  figures  for  rainfall,  run-off,  and 
the  average  composition  of  river  water,  combined  with  Dittmar's 
analyses  of  oceanic  salta  and  an  estimate  of  the  mass  of  the  ocean, 
deduced  an  uncorrected  value  for  the  age  of  the  oceui  of  97,600,000 
years.    Tlie  calculation  is  very  simple,  and  by  the  following  equation: 

Na  in  ocean  .        , 

-■    -■. — ; "Age  of  ocean. 

Annual  a&m.  nvers 

Joly'a  data,  however,  were  much  less  satisfactory  than  the  data 
now  at  hand,  as  g^ven  in  this  and  the  preceding  chapter.  With  them 
the  equation  now  becomes 

14,130X10"  _ 
158,357X10*         '       '       ' 

the  crude  ^e  of  the  ocean  to  which  certain  corrections  are  yet  to  be 
applied.*  The  first  of  these  to  be  studied  tends  to  increase  the  quo- 
tient, others  to  diminish  it. 

A  part  of  the  sodium  found  in  the  discharge  of  rivers  is  the  so- 
called  "cyclic  sodium";  that  is,  sodium  in  the  form  of  salt  lifted 
&om  the  sea  as  spray  and  blown  inland  to  return  again  to  its  source 
in  the  drainage  from  the  land.*  Near  the  seacoast  this  cydic  salt  is 
abundant;  inland  its  quantity  is  small.  The  table  given  in  Chapter 
II  illustrates  tiie  way  in  which  the  amount  falls  off  as  we  recede  from 
the  shore,  and  the  isochlora  of  the  New  England  "chlorine  maps" 
show  the  same  thing  most  condusirely.  Joly  estimates  that  the  coi^ 
rection  for  cychc  salt  may  be  10  per  cent;  but  Becker  in  his  paper 
on  the  age  of  the  earth  haa  discussed  the  isochlor  evidence  mathe- 
matically, and  found  that  6  per  cent  is  a  more  trustworthy  value. 
By  Ackroyd  the  significance  of  the  correction  is  enormously  overesti- 
mated. Adopting  Becker's  figure,  and  deducting  6  per  cent  from  the 
total  river  load  of  sodium,  the  remunder  becomes  148,846,000  metric 

>TnDS.Ro7.nablb]Sao.,3iIi*r.,Tal.7,19n,p.I3,vidwIlhlataraimetkcii,Rcpt.Brltldi  Anoc  Adv. 
BcL,1900,p.Me.  CrltlDli«(lb;W.M>oUs,Truia.EiltnbQrt}iO«oLS<xi.,vol.S,Um,p.»D;uidO.FUiar, 
aiaLIbc-.l>00,p.l34.  SatkUo  V.Ton  LotimU,  Mitt.K.-k.  (cog.  OtnlL  Wleti,TDL  HlWl.  p.T4.  Ha 
idtia  ft  paptr  b7  E.  no  Ronur,  Kocmoe,  vol.  2S,  itoo,  p.  1,  which  I  hsv«  not  seen.  Rtkted  mimuibi  an 
by  E.  nnbola,  Proo.  Bco.  ScL,  Anutirdun  Aod.,  vol.  3, 1901,  pp.  43,  IIB;  ml.  4, 11)03,  p.  388.  Tbt  prtd- 
daotUftddiMiaf  W.  I.  SollH  (Qnttt.  loot.  0«L  Sue.,  vsl.  ei,  IMB,  p.  lU)  la  mafaily  darotcd  to  this  thaing. 
for  men  drtilliBM  r.  V.  CkrkB,  Smlthsonkn  Mac.  Coll.,  toL  M,  No.  E,  UIO,  and  a.  F.  Beckar,  ld«n, 
No.  S. 

>  ThMa  flgimB  dUhr  Item  tboM  gtna  In  mj  Pnllmlimry  ttaij  o(  ehwnlol  dcoDditloii.  In  tli»t  I  ibmI 
DoIa'idstaInrAtiwilcaDriT<n,fDWhlohaI]lliaaIkallHmnnckaiiiduicidliiinalana.  Thanawaampa- 
totlmi  k  band  OB  Pilmar'i  daUnntatUoDB  of  potanlimi,  vrhlob  must  ba  subtnctad  Inm  the  fbnnar  nun. 
Tba  lattwn  ITCMO^  matrlo  toDi  Ma  ( -f  K),  aa  ■eaioit  tha  1S8,3ST  AO  Na  Dov  emplayad. 

•  For  Um  qoanUtlM  cl  alt  thai  tnntporlod  na  the  labia  given  In  Chapter  n.  For  •  dfKmdaa  oC  tlu 
tlpiHIwnwiBt  IhaoMTactlpO  farcycllgacidlDni,  aaa  J.  jolj,  Gaol.  Hag.,  IflOl,  pp.  844,804;  Cbam.  Nan,  voL 
R,p.MI;aiidBrlttaliAaoa.R«f>ort,lMO,p.SeO.  Alio  W.Aokrayd,  Gaol.  Uac-.IWl, pp.  445,08;  dum. 
Na«I,vol.a,190l,p.3»;  vol.  S4,  IMl,  p.  M. 
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tons,  which,  divided  into  the  sodium  of  the  ocean,  givee  a  quotient  of 
94,712,000  yeaiB.  Joly's  correction  of  10  per  cent  ia  very  nearly 
equivalent  to  the  assumption  that  the  eathe  run-off  of  the  ^ohe, 
6,524  cubic  miles,  according  to  Murray,  carries  on  an  average  one  part 
per  million  of  chlorioe.  The  chlorine  mapa,  so  far  as  they  haTe  been 
made,  show  this  figure  to  be  ezceasiTe. 

The  foregoing  coirection  for  "cyclic  salt"  ia,  however,  not  final.  It 
has  already  been  su^eeted  that  the  wind-home  salt  is  only  in  part 
restored  to  the  ocean,  at  least  within  reasonable  time.  Some  of  it  is 
retained  by  the  soil,  if  not  permanently,  at  least  rather  tenaciously; 
and  the  portion  which  falls  into  depressions  of  the  land  may  remain 
Tmdisturbed  almost  indefinitely.  In  arid  re^ons,  like  the  coasts  of 
Peru,  Arabia,  and  parts  of  western  Africa,  a  laige  quantity  of  cyclic 
salt  must  be  so  retained  in  hollows  or  valleys  which  do  not  drain  into 
the  sea.  Torrential  rains,  which  occur  at  rare  intervals,  may  return 
a  part  of  it  to  the  ocean  but  not  alL  Some  writers,  Ackroyd '  for 
example,  have  attributed  tiie  saline  matter  of  the  Dead  Sea  to  an 
accumulation  of  wind-borne  salt,  an  assumption  which  contains 
elements  of  truth  but  is  probably  extreme.  A  more  definite  instance 
of  the  sort  ia  furnished  by  the  Sambhar  salt  lake  in  northern  India, 
as  studied  by  T.  H.  Holland  and  W.  A.  K.  Christie.*  This  lake, 
situated  in  an  inclosed  drainage  basin  of  2,200  square  miles  and  over 
400  miles  inland,  appears  to  receive  the  greater  part,  if  not  all  of  its 
salt  from  dustr-laden  winds  which,  during  the  four  hot,  dry  months, 
sweep  over  the  plains  between  it  and  the  arm  of  the  sea  known  as  the 
Rann  of  Cutch.  Analyses  of  the  air  during  the  dry  season  showed 
a  quantity  of  salt  so  carried  which  amounted  to  at  least  3,000  metric 
tons  over  the  Sambhar  Lake  annually,  and  130,000  tons  into  Rajpu- 
tana.  These  quantities  are  sufiKcieut  to  account  for  the  accumulated 
salt  of  the  lake,  which  the  authors  were  unable  to  explain  in  any 
other  way. 

Examples  like  tins  of  the  Sambhar  Lake  are  of  course  exceptional. 
In  a  runy  region  salt  dust  is  quickly  dissolved  and  carried  away  in 
the  drain^e.  Only  in  a  dry  period  can  it  be  transported  as  dust 
from  its  ori^al  point  of  deposition  to  points  much  farther  inland. 
It  appears,  however,  that  some  salt  ia  so  withdrawn,  at  least  for  an 
indefinitely  long  time,  from  the  normal  circulation,  and  should,  if  it 
could  be  estimated,  be  added  to  the  amomtt  now  in  the  ocean.  Such 
a  correction,  however,  would  doubtless  be  quite  trivial,  and,  there- 
fore, negligible;  and  the  same  remark  must  apply  to  all  the  visible 
accumulations  of  rock  salt,  like  those  of  the  Stassfurt  r^oa,  which 
were  once  laid  down  by  the  evaporation  of  sea  water.  The  saline 
matto*  of  the  ocean,  if  concentrated,  would  represent  a  volume  of 

1  ChBm.  Nmn,  toL  W,  190^  p.  O.  •  Baoocdi  OwL  Sorvar  laOU,  voL  W,  UOt,  p.  IM. 
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OTer  4,800,000  cubic  miles;  a  quantity  compared  with  which  all  beds 
of  rock  salt  become  insigoificaDt. 

But  althou^  the  visible  accumulations  of  salt  are  relatively  insig- 
nificant, it  is  possible  that  there  may  be  quantities  of  disseminated 
salt  which  are  not  so.  The  sedimentary  rocks  of  marine  origin  must 
contain,  in  the  a^re^te,  vast  amounts  of  saline  matter,  widely  dis- 
tributed, but  rarely  determined  by  analysis.  These  sediments,  laid 
down  from  the  sea,  can  not  have  been  completely  freed  from  adherent 
salts,  which,  insignificant  in  a  single  ton  of  rock,  must  be  quite  appre- 
ciable when  cubic  miles  are  considered.  The  fact  that  their  presence 
is  not  shown  in  ordinary  analyses  merely  means  that  they  were  not 
sought  for.  Published  analyses,  whether  of  rocks  or  of  waters,  are 
rarely  complete,  especially  with  r^ard  to  those  substances  which 
may  be  said  to  occur  in  "traces." 

It  is  peiiiaps  not  possible  to  evaluate  the  quantity  of  this  dissem- 
inated salt,  and  yet  a  maximum  limit  may  be  assigned  to  it.  In 
Chapter  I  it  was  shown  that  84,300,000  cubic  miles  *  of  the  average 
igneous  rock  would  yield,  upon  decomposition,  all  the  sodium  of 
the  ocean  and  the  sedunentaries.  The  volume  of  the  sandstones 
would  be  approximately  15  per  cent  of  this  quantity,  or  12,645,000 
cubic  miles.  Assume  now  that  the  sandstones,  the  most  porous 
of  rocks,  contain  an  average  pore  space  of  20  per  cent,  or  2,529,000 
cubic  miles,  and  that  all  of  it  was  once  filled  with  sea  water,  repre- 
amting  118,730,000,000,000  metric  tons  of  sodium.  If  all  of  that 
sodium  were  now  present  io  the  sandstones,  and  chemical  erosion 
b^an  at  the  rate  assigned  to  the  rivers,  namely,  158,357,000  tons 
of  sodium  annually,  the  entire  accumulation  would  be  removed 
in  about  750,000  years.  This,  compared  with  the  crude  estimate 
already  readied  for  geologic  time  is  almost  a  negligible  quantity. 
The  correction  for  disseminated  salt  is  thereftMTe  small,  and  not 
likely  to  exceed  1  per  cent. 

The  for^;oing  calculations,  so  far  as  they  relate  to  the  age  of  the 
ocean,  imply  the  assumption  that  the  rivers  have  added  sodium  to 
the  sea  at  an  average  uniform  rate,  slight  accelerations  being  ofFset 
by  small  temporary  retardations.  For  the  moment  let  us  consider 
one  phase  of  this  su^ested  variability.  The  present  rate  of  discharge 
has  been  hastened  during  modem  times  by  human  agency,  and  that 
acceleration  may  be  important  to  take  into  account.  Tlie  sewage 
of  cities,  the  refuse  of  chemical  manufactures,  etc.,  is  poured  into 
the  ocean,  and  so  disturbs  the  rate  of  accumulation  of  sodium  quite 
perceptibly.  The  change  due  to  chemical  industries,  so  far  as  it 
is  measurable,  is  wholly  modem,  and  that  due  to  human  excretions 
is  limited  to  the  time  since  man  first  appeared  upon  the  earth.    Ite 

'Tbli  qniUtr,  It  nnwt  tw  radMOLbBraa,  i»  ■  mnilmnni.   Tlw  tnw  TiUk  Ii  {nbablr  my  modi  ha, 
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exact  magnitude,  of  couise,  cbjx  not  be  detemuDed,  but  its  order 
seems  to  be  measurable,  as  follows: 

According  to  the  beet  estimates,  about  14,600,000  metric  tons  of 
common  salt  are  annually  produced,  equivalent  to  5,700,000  tons  of 
sodium.  If  all  of  tliat  was  annually  returned  to  the  ocean,  it  would 
amount  to  a  correction  of  about  3.25  per  cent  on  the  total  addition  of 
sodium  to  the  aea.  The  fact  that  much  of  it  came  directly  or  indi- 
rectly from  the  ocean  in  the  Srat  place  is  inunaterial  to  the  present 
discussion;  the  rate  of  discharge  is  affected.  All  of  this  sodium, 
however,  is  not  returned;  much  of  it  is  permanently  fixed  in  manu- 
factured articles.  The  total  may  be  laiger,  because  of  other  additions, 
excretory  in  great  part,  whioh  can  not  he  estimated,  but  we  may 
sasume,  nevertheless,  a  maximum  of  3  per  cent  as  the  correction  to 
be  applied.  Allowing  6  per  cent,  as  already  determined,  to  cydic  or 
wind-borne  sodium,  and  1  per  cent  to  disseminated  salt  of  marine 
origin,  the  total  correction  is  10  per  cent.  This  reduces  the 
158,357,000  tons  of  river  sodium  to  142,521,000  tons,  and  the  quo- 
tient representing  crude  geologic  time  becomes  99,143,000  years. 

The  corrections  so  far  considered  are  all  in  one  direction,  and 
increase,  by  a  roughly  evaluated  amount,  the  apparent  age  of  the 
ocean.  Other  corrections,  whose  magnitudes  are  more  uncertain, 
tend  to  compensate  the  former  group.  The  ocean  may  have  con- 
tained primitive  sodium,  over  and  above  that  since  contributed  by 
rivers.  It  receives  some  sodium  from  the  decomposition  of  rocks  by 
marine  erosion,  which  is  estimated  by  Joly  as  a  correction  of  lees  than 
6  per  cent  and  more  than  3  per  cent  on  the  value  assigned  to  geologic 
time.  Sodium  is  also  derived  from  volcanic  ejectamenta,  from 
"juvenile"  waters,  and  possibly  from  submarine  rivers  and  springs, 
llie  last  possibiUty  has  been  considered  by  Sollas,'  but  no  num^cal 
correction  can  be  devised  for  it.  These  four  sources  of  sodium  in  the 
sea  may  be  grouped  together  as  nonfluviatile,  and  reduce  the  numera- 
tor of  the  fraction  which  gives  the  age  of  the  ocean.  Whether  they 
exceed,  balance,  or  only  in  part  compensate  the  other  coirectJons  it 
is  impossible  to  say. 

From  the  forgoing  computations  it  is  to  he  inferred  that  the  age  of 
the  ocean,  since  the  earth  assumed  its  present  form,  is  somewhat  less 
than  100,000,000  years.  If,  however,  any  serious  change  of  rate  in 
the  supply  of  sodium  to  the  sea  has  taken  place  during  geologic 
time,  the  estimate  must  be  coirespondin^y  altered.  This  side  of  tiie 
question  has  been  studied  by  G.  F.  Becker  in  the  memoir  already 
cited,  who  has  shown  that  the  rate  was  probably  greater  in  eady 
times  than  now,  and  has  steadily  tended  to  diminish.  When  erosion 
began,  the  waters  had  fresh  rocks  to  work  upon.    Now,  three-fourths 

t  FnddwtU  iddmi,  (iDKt.  Jour.  Oxil.  Boo.,  1C>7.  itOt. 
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of  the  land  area  of  the  globe  are  covered  by  sedimentary  rocks  or  by 
detrital  and  alluvial  materiid,  from  which  a  large  part  of  the  sodium 
has  been  leached.  The  accessible  supply  of  sodium  has  decreased, 
and  it  may  be  supposed  that  at  some  remote  time  in  the  future  it  will 
be  altogether  exhausted.  From  considerations  of  this  order  Becker 
has  developed  an  equation  representing  the  supply  of  sodium  to  the 
ocean  during  past  time  by  a  descending  exponential,  and  has  shown 
that  the  age  of  the  ocean,  as  deduced  from  the  data  already  given, 
must  lie  somewhere  between  60  and  70  miUions  of  years.  The  higher 
figure,  he  thinks,  is  closer  to  the  truth  than  the  lower  one.  If  the 
ocean  was  initially  saline  the  estimate  of  its  age  would  be  still  further 
reduced.  Becker's  conclusions  are  fairiy  accordant  with  the  results 
derived  from  physical,  astronomical,  and  paleontological  evidence, 
although  the  study  of  radioactivity  among  minerals  has  led  to 
much  higher  figures  for  the  age  of  the  earth.  The  latter  line  of 
evidence  will  be  considered  in  another  chapter,  but  it  seems  that  the 
rate  of  chemical  erosion  offers  a  more  tangible  and  definite  mode  of 
attack  upon  the  problem  of  geologic  time.  The  problem  can  not  he 
regarded  as  definitely  solved,  however,  until  all  available  methods  of 
estimation  shall  have  converged  to  one  common  conclusion.* 

I  TorpBnhtaitaicUnualUieetiBmlc&ImetbDdDloamputtog  gtolcgkai  time,  >mH.  S.  Sbe1ton,C)iem. 
HewB,  TcL  W,  int,  p.  3CS,  vol.  US,  UIO,  !>.  TS;  v<d.  HI,  1«U,  p.  SI;  Jgur.  0«>b«7.  ^oL  IS,  1010,  p.  190; 
ScL  rimiaa,  ToL  D,  ItU,  p.  U.  Tbe  erIUctaiiia  an  bawd  upciD  a  bcdiel  that  tbs  au&ljm  of  river  nten 
•te  Inaocaiate,  eapeckll;  1b  the  detmnbiatka  of  Nm  and  SOi;  that  Is,  the  aklll  ud  accuracy  al  manj 
npdibleehemlstjsreqDEattaML  On  thfe  sahfect,  aee  the  njohder  b;  R.  B.  Dole,  Chem.  Ntwi,-nl. 
KB,  Ull,p.3SI).   Ur.  Sbeltcn  alap  dalma  that  be  haa  fxmd  a  dlaoepBDc;  between  the  BOi  detanotaa- 

[B  of  B  In  the  pest  man  ot  Ipwooa  rocks  with  that  «t  the  Mhible  matter  Iwdied  from  a  thlQ  nim 
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CHAPTER  V. 

THE  WATERS  OF  CLOSED  BASINS. 

PRBUMIXABT  STATEMENT. 

In  dealing  with  the  ocean  and  its  tributary  tiraa  we  have  stodied 
the  hydrosphere  in  ite  larger  sense,  the  waters  all  fonning  part  of 
one  great  system  of  circulation  which  can  be  treated  as  a  unit. 
But  on  all  the  continents  diere  are  isolated  areas  from  which  the 
drain^e  never  readies  the  sea.  Streams  originate  in  the  higher 
portions  of  such  areas,  resembling  in  all  respects  those  tributwy  to 
the  ocean.  Their  waters  gather  in  depressions  and,  ultimately,  by 
tile  concentration  of  their  saline  constituents  form  salt  or  alkaline 
lakes  or  even  dry  beds  of  solid  residues.  The  latter  condition  is 
developed  in  small  areas  of  great  aridity,  where  evaporation  is  so 
rapid  that  no  large  body  of  water  can  accumulate;  but  the  more  im- 
portant closed  basins  are  characterized  by  the  formation  of  permanent 
reservoirs,  such  as  the  Caspian,  the  Great  Salt  Lake,  and  the  Dead 
Sea.  Each  basin  exhibits  individual  peculiarities  of  more  or  less 
local  origin,  and  therefore  each  one  must  be  studied  separately. 
No  such  uniformity  as  that  shown  by  the  ocean  is  manifested  here, 
although  in  some  lakes  we  can  recognize  a  curious  approximation 
in  chemical  character  to  tliat  of  the  open  sea.  - 

THE  BONNEVIIiLE  BASIN. 

To  American  students  the  most  accessible  and  therefore  the  most 
interesting  of  these  Uolatod  regions  is  that  known  as  "the  Great 
Basin"  in  the  western  part  of  the  United  States,  "niis  area  is  fully 
described  in  two  monographs  of  the  Geok^cal  Survey,'  in  which  it 
is  repree^ted  as  having  been  formerly  tJie  seat  of  two  great  lakes, 
Bonneville  and  Lahontan,  of  which  only  the  renmante  now  exist. 
The  Great  Salt  Lake  of  Utah  is  the  chief  remainder  of  Lake  Bonneville 
and,  with  its  accessory  wateis,  may  well  occupy  our  attention  first. 

llie  water  of  Great  Salt  Lake  has  been  repeatedly  analyzed — on 
the  whole  with  fairly  concordant  results,  except  in  r^ard  to  salinity. 
The  latter  varies  with  changes  in  the  level  of  the  lake,  but  is  always 
several  times  greater  than  that  of  sea  water.  An  early,  incomplete 
analysis  by  L.  D.  Gale  and  a  questionable  one  by  H.  Bassett  are 
hardly  worth  r^roducing.*  Ilie  other  available  data,  expressed  in 
percent^es  of  total  salts,  are  as  follows: 

I  a.  E.  ODbert,  LakB  BomieTllla:  Hun.  V.  B.  QaoL  Bamj,  tcL  1,  IBM.   I.  C.  Riussll,  Tha  gnfloglnl 
IMorf  of  Lake  Lohcotan:  Hon.  C.  8.  OeoL  Somy,  vol.  11,  ISSt. 
■  Tbay  ue  cited  In  Oabot'i  moDOcnph.    Buntfi  uwlrib  li  tott  hl^  In  iiiil—hiill 
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Anafytti  of  vat^from  Oreat  Salt  Latt. 

D.AUn.B^A.!:.  8.  Gei)LEipLMthP>r.,Ttil.  a,ia77,p.4S3.    W«(er  eaUectsd  In  U».    A 

fe  kU  li  itao  leportBd,  In  tddltlim  ta  tha  tahtlaBim  mmed  in  Oia  taUe.    AUto  iba  gfni 

tnltaaivfl&uii&DnidaatDguamtSiltLakB.    ItaoiilaliiMllUOpalonitolHitablsmtta 

lutotttwlakBnlBr. 

lufa  Smart.   CHad  in  Bmianm  and  attaetkim  of  tfaa  Ttnttor  ot  Utah,  OmalM,  UTi. 

,  tir  C.  Oohnoioa,  Zdtvhr.  DantK^i.  leol.  OaaslL,  toI.  U,  USl,  p.  I». 
April  U,tffl9.    OdmnltB  aba  itm  an  analjik  of  thi  iBlt  mumhotond 
Salt  Lake. 
E.  TBlitDwe,BalaiMB,mLU,U§B,p.M5.    CoOntad  tn  Utt.    An  aoalysfa  ol  a  Mnqile  (akco 

.Walkr,BcboalafHlDaBQiiKt,vid.U,Un,p.G7.    A  tnoa  ol  borlo  acid  ia  aln  leportad. 
'.Blum.    CoUeoted  In  IMM.    Bacaloulatad  to  100  par  ottit    RoportBl  by  Tibua^  In  SoattUi 
nLlOjlKH.p.  4».    An  aaiUar  paper  by  TiImacB  en  tbs  lake  li  In  tbe  nine  Joariul,  vol.  17, 
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« IfiMa  naiapUy,  jaOJU  iiami  per  Uler. 

Although  the  salinitj  of  the  lake  is  very  variable  and  from  four  to 
Beven  times  as  great  as  that  of  the  ocean,  its  saline  matter  has  nearly 
the  same  composition.  The  absence  of  carbonates,  the  higher  sodium, 
and  the  lower  magnesium  are  the  most  definite  variations  from  the 
ooeanic  standard;  but  the  general  similarity,  the  identity  of  type,  is 
unmistakable.  Gilbert  estimates  the  quantity  of  sodium  chloride 
contained  in  the  lake  at  about  400  millions  and  the  sulphate  at  30 
nullions  of  tons. 

For  the  waters  tributary  to  Great  Salt  Lake  many  analyses  are 
available.'  The  foUowiog  table  relates  to  some  of  the  streams,  except 
that  Sevier  Lake,  an  outlying  remnant  of  Lake  Bonneville,  is  included 
as  a  matter  of  convenience.  The  analyses  are  all  reduced  to  standard 
form,  with  bicarbonate  radicles  recalculated  to  normal  CO,.  Salinity 
is  stated  in  parts  per  million. 

ilnaddiUoato  ttMdBtaElveDlura,Meaiialyiaby  J.  T.  KlngBbury,  of  ClCy,  Bed  Butta,  Farmli«ton, 
BmlpBtkm,  Pariaya,  Blc  CottoDvood,  and  Little  CottoDWDod  cieeki,  cited  by  Q.  B.  Itlcliardaon  In  Wal<r- 
Biq^y  Pw*r  U.  S.  0«>I.  Sumy  No.  iSI,  1«0B,  p.  30;  analysn  mada  In  1HS2  and  1SS4.  Field  Operations 
Bur.  BolIi,CS.I>9tA0'.,llXia, p.  1138,oanlainiMialyBa of  Provo  River,  Spanlih  Fork,  American  Fork 
and  Diy,  PajVD,  Santaqntn,  Cunant,  and  Warm  crsaki,  baC  tlta  analyit  Is  not  named.  Otha- analyana 
fl(  Onat  Bait  Lake,  oon^lala  and  partial,  an  glvan  by  W.C  Ebaufhand  W.  MacEulaaa  [nBcianaa,  voL 
ai,  IMS,  p.  MS. 
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Ajuilytet  o/vxUen  tribuiary  lo  Oreat  Sail  Lake. 


A.  Bear  RlT«t  at  Bmaton,  Wymnlng.    Analysis  by  F.  W,  Oarks,  Bull.  U.  S.  Oaol.  Bum;  No.  ft, 

B.  Baar RItw at Coiiuw, Utah, near Ita mouth.  AnalfslsraoelTslIramtheSouthtmFaolflclimDniaicL 
C  Jordan  Rlvat  at  intaka  oC  Utah  and  Bait  Lake  canal.   Analysis  by  F.  K.  CaDuroD,  RqiL  No.  M, 

Bm.  BoUl,  U.  8.  D^t.  Agr.,  IWD.p.  KM. 

D.  lordanBiTK-iMarSaltLakaClty.    Analysis  by  Camtron,  loc.  cit. 

E.  City  a»k,Utah.    Analysis  by  T.  K.  Chataid,  BulL  V.  B.  Qtol.  Surrey  No.  9, 18S4,p,  3B. 

F.  OgdanRlwatOgden.Utah. 

O.  Velw  Riw  at  mouth  ol  oanyon.  Analyaea  Fand  O  made  undv  the  dlracUon  of  F.  K.  Camam, 
FWd  OpcnitkiDS  Dlv.  Soils,  U.  B.  Dipt.  Agr.,  IDOO,  p.  136. 

H.  Sarler  laka.  Analgia  by  Oscar  Loaw,  R<pt.  C  8.  Oaog.  Burrays  W.  100Uil[n.,Tol.3,lS75,p.lll. 
Sample  taken  In  ISIZ 
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Utah  Lake,  at  the  head  ot  Jordan  River,  has  furnished  material  for 
a  most  instructive  series  of  analyses,  as  follows; 
Aiuiii/tM  o/wLUrfivm  VuhLaie. 

A.  BjF.W.  Cla^ke,Bull,  U.  B.  Oeol.  Bomy  No.V,188t,p.90. 

B.  By  F.  K.  CamcroQ,  1800. 

C.  By  B.  E.  Bnwn,  10O3. 

D.  UMno[tlireeaaBlyB«byA.BaldtfI,]<)04.    Samples  taken  Is  Hay. 
B.  By  B.  E.Brown,  19W.    Collected  August  SI.    ForBnalyaeBB,C,D,BudE,MaF.E.OanMnn,Joar. 


Am.Ch«n.8oo.,»ol.a7,igQS,p.li3.   Ail arahera reduced t« 

tams  of  normal  carb 

^tm. 

A 

B 

0 

D 

E 

4.04 
42.68 
19.86 

35.48 
26.63 
2.66 

26.23 
26.49 
10.23 

24.75 
28.25 
12.36 
.06 
18.19 
2.17 
6.90 
.15 
6.18 
2.00 

SO. 

Li.'::::"'.v;;::::::::::::::'::::::;: 

Na. 

18.24 

1  26.20 
7.66 

19.28 
2.34 
6.25 

Ca 

6.08 

3.27 

1.66 

7.18 

Bit),;.' 

100.00 
306 

100.00 
892 

100.00 
1,281 

100.00 
1,166 

100.00 
1,254 

Although  the  foregoing  analyses  are,  in  one  respect  or  another, 
incomplete,  they  tell  an  intelligible  story.  Bear  River  at  Evanston 
is  a  normal  river  water,  which  upon  evaporation  would  yield  mainly 
calcium  carbonate,  and  so,  too,  is  City  Creek.     Bear  River,  near  its 
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mouth,  has  changed  its  character  almost  completely  and  has  evidently 
taken  up  lai^e  quantities  of  sodium  chloride  from  the  soil.  Utah 
Lake,  in  the  20  years  intervening  between  the  earliest  and  latest 
analyses,  has  undergone  a  thorough  tramformation,  and  its  salinity 
has  more  than  quadrupled.  From  a  fresh  water  of  the  sulphate  type 
it  has  become  distincdy  saline,  and  this  change  is  probably  a  result 
of  irrigation.  Its  natural  supplies  of  water  have  been  diverted  into 
irrigating  ditches,  and  at  the  same  time  salts  have  been  leached  out 
from  the  soil  and  washed  into  the  lake.  To  soma  extent,  these  salts 
have  been  brought  to  the  surface  as  a  result  of  cultivation,  so  much 
so  that  considerable  areas  of  land  bordering  upon  the  lake  have  ceased 
to  be  available  for  agriculture.  Its  outlet,  Jordan  River,  exhibits 
the  same  peculiarities.  As  for  Sevier  Lake,  whit^  is  now  reduced  to 
a  mere  pool  in  consequence  of  irrigation  along  its  sources,  its  water 
resembles  that  of  Great  Salt  Lake,  except  tiiat  at  the  time  the  analysis 
was  made  it  was  only  about  half  as  saline. 

All  of  the  waters  tributary  to  Great  Salt  Lake,  so  far  as  they  have 
been  examined,  contain  notable  quantities  of  carbonates,  which  are 
absent  from  the  lake  itself.  These  salts  have  evidently  been  precipi- 
tated from  solution,  and  evidence  of  this  process  is  found  in  beds  of 
oolitic  sand,  composed  mainly  of  calcium  carbonate,  which  exist  at 
various  points  along  the  lake  shore.'  The  strong  brine  of  the  lake 
seems  to  be  incapable  of  holding  calcium  carbonate  in  solution. 

THE   LAHONTAN   BASIN. 

The  Quaternary  Lake  Lahontan,  which  once  covered  an  area  of 
S,400  square  miles  in  northwestern  Nevada,  is  now  represented  by  & 
number  of  relatively  small,  scattered  sheets  of  water  and  many 
alkaline  or  saline  beds.  Instead  of  one  large  basin  there  are  now 
several  basins,  and  each  one  is  fed  by  independent  sources  of  fresh 
water.  Each  lake,  therefore,  has  its  own  individual  peculiarities,  as 
the  various  analyses  show.  Some  of  the  lakes  exist  only  during  the 
humid  season,  when  large  areas  are  covered  by  a  thin  layer  of  water; 
others  are  permanent  sheets  of  considerable  depth.  Our  data  relate 
only  to  the  latter,  with  their  sources  of  supply. 

bi  the  statement  of  some  analjrses  precision,  in  a  certain  sense,  has 
been  sacrificed  to  uniformity.  In  strongly  alkaline  waters  the  radicle 
SiO,  may  possibly  exist  instead  of  the  colloidal  SiO,.  In  no  case, 
however,  is  the  silica  high  enough  to  cause  a  serious  error  in  this 
respect,  and  a  fraction  of  1  per  cent  will  cover  the  uncertainty.  A 
graver  criticism  might  be  based  upon  the  representation  of  all  the  car- 
bonate as  normal,  for  bicarbonates  are  undoubtedly  present  in  some 
of  the  waters,  which  on  evaporation  deposit  trona  in  large  quantities. 
If,  however,  we  regard  the  analyses  as  representing  the  percentage 
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compodtion  of  ignited  reeiduss,  the  suggested  objection  no  longer 
holds.  We  can  compare  our  data  upon  the  uniform  basis  adopted 
hitherto,  and  leave  the  question  of  bicarbooatea  for  separate  ooa- 
sideration  later.  The  fUvergent  character  of  the  analyses  seems  to 
render  some  such  preceding  necessary.  It  is  only  by  eliminating 
rariables  that  we  can  obtain  comparable  reeoltB. 

In  the  next  table  two  groups  of  analyses  appear.  Lake  Tahoe,  a 
typical  mountain  lake  of  great  purity,  empties  through  Tmckee 
Biver,  which  terminates  in  Winnemucca  and  Pyramid  lakes.  These 
waters  are  included  in  the  first  group.  The  second  comprisea 
Walker  River  and  Walker  Lake.  The  individual  analyses,  which, 
except  when  otherwise  stated,  are  recalculated  from  the  laboratory 
records  of  the  Surrey,  are  aa  follows: 

Analytu  o/Lahonlan  vattn — I. 


C.  P;mold  lAka,  NaradB.    Uaan  at  fonr  ooiiDordaot  unlfM*  b;  dark*. 

D.  Whmamiuca  Lake,  Nevada.   An$ljtls  by  CkOa. 
B.  Walker  Blver,  Navada.   Amljtia  bf  darka. 

F.  Walk*!  I«k€,  Nerada.   Kean  ot  tvo  aaalTSes  b;  Clukg.   For  analjMS  A, 
U.  H.  On).  Buntf  So.  a,  ISH. 


E,(ndT,naBiiIL 


A 

B 

C 

D 

E 

F 

3.18 

7.47 
38.73 
10.10 

4.  lis 
12.88 

4.15 
18.95 

7.59 

12.87 

33.30 

1  17.26 

11.02 

3.49 

}.  14.47 

41.04 
5.26 
14.28 
33.84 
2.11 
.25 
2.28 
.95 

47.88 
3.76 
7.93 
36.68 
L94 
.55 
.49 
.77 

7.60 

1«.14 

30.34 

1  18.07 

12.96 
2.21 
a  78 

SO, 

M^:::::;;.;::;::;:::;:;::::: 

J3C» 

K 

Stuinity,  parts  per  nuUion 

100.00 
73 

100.00 
153 

100.00 
3,486 

100,00 
3,602 

loaoo 

180 

100.00 
2,600 

The  changes  shown  by  these  waters  '  are  elaborately  discussed  by 
Bussed  in  his  work  on  Lake  Lahontan.  Ordinary  fresh  waters  rich 
in  oarbooatee  and  in  calcium  are  concentrated,  and  the  lime  salts  are 
finally  thrown  out  in  the  form  of  tula.  The  tufa,  however,  instead  of 
being  an  ooUtic  or  granular  deposit,  as  in  the  Bonneville  basin,  is  in 
the  form  of  crystals,  ' '  thinohte, ' '  pseudomorphous  after  some 
imknown  mineral,  which  may  have  been  a  calcium  chlorocarbonate. 
This  peciiliar  variety  of  tufa  is  characteristic  of  the  Iiahontan  basin; 
but  the  mode  of  its  formation  is  uncertain.' 

■  Except  that  or  amlydi  B,  which  la  men  noaat. 

■  B«  dtoetnloa  bf  E.  B.  Dana,  Id  Bull.  U.  B.  Geol.  SamT- No.  19, 18M.  CUdta  paeadamorphi,  dml- 
lar  to  tblnoUta  and  oallad  psaudogaylnnlta,  hava  baaa  dbomaed  by  F.  J.  F.  van  Calk«r  (Zaittobi-  Kijst. 
Kbi.,vol.  3S,I9BT,  p.  U«)aiulC.  O.  TTgahm«nii(ideia,  Tal,3S,iga2,p.3g3).  Tha  AuKralian  ^CD&nlta 
facalciUpaaudomorpboiu  altar  glaabaiite  and  aometlmM  lormi  cmtali  IE  to  aolnehM  loaf.  BmT.  W.  X. 
David,  Rao.  a»l.  Burvajr  Saw  Boutli  Walti,  ral.  S,  ISOE,  p.  isa. 
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Four  more  aaalyses  of  Lahontaa  waters  rem^  to  be  considered, 
as  follows: 

Analy»et  of  Lahtmtan  vaUn—II. 

0.  HomlKddt&lTW.Nnad*.    Aiwlnli  br  T.  U.  CXwiHd. 
H.  Hambaldt  UAa,  Nsndk.    Analrali  bf  O.  D.  Altai,  B 

1877,  p.  713. 

1.  Ths  laii«  Sods  I«kB,  Ractown,  Ntnub.    BorfMia  nnipla.    AmJjiii  b;  Otttml. 

J.  Tha  hije  Soda  lAk*,  luaph  tnm  ■  dapth  of  tO-i  nutan.  AnatTito  bj  Ctmttii.  for  Hum  tinljui 
o[  Cfaatanl's  bm  BuU.  U.  B.  OtdL  Bmnj  No.  V,  18S4.  Aji  orlki  auktrali  of  Boda  Laka  by  O.  D.  ADaa 
b  givm  In  tlig  Fortieth  PanSal  nport,  tdL  1, 1877,  p.  74S.  It  li  >«i  eompleM  Oma  Cbatard'i,  bat  otlur- 
wtaaaotTUjautKiai.   Tbli  wttfr  ooDtttai  blcarbvostn.    SpaeUhi  gnTltr,  I.IOI. 


3.  OmL  ExpL  lOCh  Ph^  id.  1^ 


0 

B 

I 

J 

CI 

2.19 
13.92 
39.66 

SL82 

S.27 

21.57 

.07 

36.51 
10.36 
13.78 

PO, 

.25 
86.63 
2.01 

Na 

13.63 
2.92 

14.28 
3.62 
9.61 
.38 

29.97 
6.64 
1.36 
1.S8 
3.63 

(a 

.22 
.24 

fiiO, 

AjVd, 

100,00 
361 

100.00 
029 

100.00 
113,700 

100.00 

The  first  two  of  these  analyses  show  the  change  from  river  to 
lake  water  very  clearly.  There  is  a  concentration  of  chlorides  and 
a  relative  loss  in  silica,  mi^esiimi,  and  calcium.  The  water  of  Soda 
Lake  is  more  than  three  times  as  concentrated  as  sea  wat«r,  and  of 
an  entirely  different  type.  It  has  no  visible  supply  of  water  except 
from  springs  near  its  margin,  and  at  certain  times  it  deposits  trooa 
and  also  gaylussite  in  notable  quantities.  Gaylussite  is  a  carbonate 
of  calcium  and  sodium,  but  no  calcium  is  shown  by  Chatard's  analy- 
ses. It  must,  therefore,  be  deposited  by  the  lake  about  as  rapidly 
as  it  is  received.    The  tributary  springs  have  not  been  investigated. 

The  Lahontan  waters,  then,  are  distinctly  alkaline,  whereas  the 
lakes  of  the  Bonneville  basin  are  salt.  The  cause  of  the  difference 
must  be  sought  in  the  sources  from  which  the  watera  are  derivod, 
and  one  distinction  is  clear.  Great  Salt  Lake  is  fed  by  streams  and 
springs  which  flow  in  great  part  through  sedimentary  formations. 
Its  saline  matter  is  a  concentration  of  old  salt^  which  were  laid  down 
long  ago.  The  Lahontan  lakes,  on  the  other  hand,  are  suppUed  with 
water  from  areas  of  igneous  rocks,  in  which  rhjolites  and  andesites 
are  especially  abundant  and  from  which  the  alkalies  may  be  obtained. 
They  represent,  therefore,  a  primary  concentration  of  leached  mate- 
rial, as  conb-asted  with  the  secondary  origin  of  the  Bonneville  brine. 
The  difference  is  easily  recognized,  but  it  does  not  explain  all  of  the 
phenomena.    To  account  for  the  lai^  amounts  of  chlorine  in  the 
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waters,  particularly  in  that  of  Great  Salt  Lake,  is  not  bo  easy  a 
matter.  So  far  as  I  am  aware,  no  plausible  solution  of  the  latter 
problem  has  yet  been  suggested.  The  cosmologicsl  speculations, 
which  help  us  in  the  case  of  the  ocean,  hardly  seem  to  be  apfdicaUe 
here. 

IiAEES    OF   CAIiIFOKNIA. 

In  California  there  are  a  number  of  alkaline  lakes  having  a  gea- 
eral  resemblance  to  those  of  the  Lahontan  basin.  The  following 
analyses  are  available,  and  in  them,  as  usual,  bicarbonatea,  if  reported, 
have  been  reduced  to  normal  form. 

AnalytegofwaterfnjmaUatwIaletin  QUi/'onivi. 

A.  UoDO  LakB.  AnalyaH  by  T.  11.  Ch&tard,  BnlL  C.  8.  Owd.  Bnmr  Mo.  K,  USO,  p.  SS.  SuBpli 
takBDlnlgg:.  BpecUo  gravity,  1.M5.  An  Impmbablo  unJyili  of  Uono  I«1m -water,  b;  Wtedow  Audn- 
■c>n,liglvenlnbtaUti»nl«priiica*MbittlthRai>ni(>tC>Ul[inite,Buirni]obDo,taKi,p.lS8.   Inlttls 


B.  0<iru>>  BlnratCJuiUn  BDtfc   I 
SI,  IMTT,  utd  DeoMuba  SI,  li 
Pmer  U.  S.  Oeol.  Surrey  No.  ZtT,  p.  lU. 


C.  OiraDi  Lake.  Analj^by  dutard,  (q>.  olt,  p.  S8.  Bpanttto  gnvlt;,  1.D63.  Tot  tu  attj  tialjib 
of  Omnu  Lake  aee  O.  Loev,  Amu  Bept  Oeoc-  Surreyi  W.  lOotli  HSr.,  iSTfl,  p.  190. 

D.  Owem  Lake.  Amlysfi  by  C.  H.  Stone,  olted  by  W.  T.  Lee  b)  Water^iipply  Pqnt  U.  B.  Oed. 
SnmyMa.  181,  lins,p.33.   Sample  taken  In  Aucoat,  IMS. 

E.OirensLBke.  Analysis  by  W.  B .  Htoks  In  tin  laboralorT  at  the  IT.  B.  Oeologtcal  Bnrmy.  SpeoUk 
IMTt^,  1.09TT.    AnaEiRly)labyJ.a.8mlIhbclTenlnBiiU.Dept.AgT.No.«l,in4,p.8a. 

F.  Black  t«ke,  DBu- Benton,  Uono  County.    Analysliby  Loetr,Dp.elt.,  p.  191. 

a.  Tulare  Lake  In  188>.  Anaiyifa  by  E.  W.  HllganI,  Appendix  to  Rapt  Univ.  Callknila  Eqiv. 
Sta.,  1900.  Thiilake  haa  an  outlet  during  tloodi,  but  not  at  other  times.  An  analysis  of  mtBreolleetad 
In  1880  1b  also  given. 

H.  Borax  Lake.  AnalyHs  by  W.  H.  IMvOla,  paMKbed  by  Q.  r.  Beokar  In  Hon.  U.  8.0e(d.Biin«y, 
vol.  13, 18S8,  p.  MS.   Id  addition  to  tbeiDbstanoce  named  In  tba  table,  tbeortflnBlresldiieooiilalDed  1.5, 


A 

B 

C 

D 

E 

r 

0 

H 

a 

23.  M 

9.49 

26.67 

24.82 

26.40 

7.68 
Trace. 
Trace. 
13.24 

37.73 

20.26 

so. 

12.86 
23.42 

16.53 
29.  S4 

9.95 
32.51 

9.93 

24.55 

.11 

.14 

.46 

.03 

38.09 

1.62 

T»™. 

.02 

.01 

.14 

}.« 

9.89 
22.70 

"i'.sa 

20.77 
19.66 

rS  :v;; 

O 

.32 

'.'ia' 

.48 

Trace. 

Nfc 

Li . 

■37.' 83" 
2.09 

Trace. 
39.05 
2.03 

37.93 
1.85 

r" 

37.83 
2.18 

38.79 
2.44 

Rb,  Co.... 

.04 
.10 
,14 

Trace. 

Trace. 

8.92 
3.45 
12.37 

"".ita' 

.02 
.01 
.29 
.04 
.02 

.28 
.26 
.05 

m::::::: 

.20 

.27 

01 

mSK::: ::::..: 

1 

.05 

Salinity,    paits    per 

loaoo 

61, 170 

LOO.  00 
339 

loaoo 

72,700 

loaoo 

213,700 

100.00 
118,830 

100.00 
18,500 

100.00 
4,910 

loaoo 

76,560 
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Like  Soda  Lake,  Owens  and  Mono  lakes  both  yield  trona  on  evapo- 
mtion,  and  at  Owens  Lake  it  has  be^i  prepared  on  a  commercial  scaJe.* 
Soda  Lake  was  also  utilized  at  one  time  for  the  same  purpose. 
Borax  Lake,  according  to  Becker,  derives  its  boron  from  neighboring 
hot  springs.    It  deposits  some  calcareous  sinter. 

NORTHERN   liAKES. 

The  region  of  alkaline  lakes  continues  northward  from  N'evada  and 
California,  and  a  number  of  the  waters  have  been  analyzed.  The 
more  important  analyses  are  given  in  the  following  tables.  Those 
made  by  W.  Van  Winkle  are  recalculated  from  the  figures  published 
in  WaterSuppIy  Paper  No.  363,  1914,  with  bicarbouates  reduced 
to  normal  salts. 

Analytet  of  vxUer  from  Twrtitem  allaline  lalei. 

A.  Stmuner  Laks,  OiegOD.    Amlyita  by  Van  WlnUe,  who  oIIh  two  other  uulpts.    SpoclSo  Entvltr, 

ijnei  at  IS'. 

B.  AimRh«,aIa«luDlBiiminetLale.    Vaa WlnUe uiatyst.    OueotheiaualfSislsclted. 

C.  Abort  Laka,  Oregon.  Auairila  b^T.  U.  Chatsrd,  U.  S.  Oaol.  SoneyBiill.  No.OO,  ]9eO,p.U.  An 
eaiUs-analTSlsbrF.  W.TaylorlanotlnaaaoidwilJithlL    SpeciScgnTUy  l.0311T,atlS.8*. 

D.AbartLake.    AiuJTsla  by  V&n  WlnUB,«hQi>IlaB  otberuulyna.    Bunple  taksn  in  February,  1913. 

E.  Cbawaoaui  Hivei,  tbecfaWleederof  Abert  Lake.  Van  Wlnlik, analyst  Average  of  37  anatyses  of 
Oimpaalla  samples  of  water,  taken  betweaD  Aiifiut  11, 1911,  and  Aneust  14, 1911. 

F.  Bainey  Lake,  Oregoo.  Analysta  by  0.  Bbiiger  In  Iba  laboratory  ot  the  V,  B,  Oeologkal  Sarrey. 
Swnpla  takm  Anguat  E,  1903. 

O.  Harney  Laka.   Van  WfaiUa,  tntlylt.   Cotlcctvd  Uarch  10, 1311.    Bpedflo  grayity,  1,0208. 
E.  Ualbaur  Lake,  Oragoo.    Van  Wlnkla,  a&alyft.    An  analyals  ol  Sllvar  Lake,  In  the  •ama  gcoenl 
ngloa,  ta  alao  given  and  on*  of  Donnar  and  BUtna  Rival,  a  reader  of  Ualbeur  Lake. 


A 

B 

^ 

D 

E 

F 

0 

H 

18.27 
4.18 
36.57 

7.W 
6.21 

32.73 

38.04 
1.90 
20.67 

36.23 
1.91 

20.82 

0.66 
6.99 

28.79 

27.50 
7.67 
26.87 

30.40 

8.62 

19.77 

Trace. 

Preaent 

.01 

39.43 

1.60 

.03 

Trace. 

.14 

.10 

Trace. 

80.      

7.64 

B%' '::::':.:'.:::. 

.92 

■35.' 78' 
1.91 

None, 
.07 
.28 

None. 

None. 

587 

.02 

39.48 

L69 

Trace, 

Trace. 

.62 

.27 

Trace. 

.13 
125.08 

3.15 

23.' 79 

L44 

Trace. 

3a  78 
L6B 

Trace, 

Trace. 
.36 
.21 

Trace. 

.46 
9.06 
3.33 

10.13 
2.54 

3&S4 

■".■46" 

.01 

Salinity,  parte  per 

100.00 
16,633 

100.00 

150 

loaoo 

39,172 

100.00 
£9,604 

100.00 
76 

100.00 
10,427 

100.00 
22,363 

100.00 

1  Sm  Cbalanl'i  memoli  on  "oatnial  scxla"  In  Bull.  V.  S.  Geol 
todnot  win  be  comldered  later  In  (be  chapter  on  salliia  mlduei 
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Analytet  of  water  from  nortJiem  aUaliiu  Iofa»— Continued. 

I.  BIMie  Riv«r,  tha  chW  tHdv  of  ICalbwr  LikaL  Vm  WlnUa,  nudjst.  Avangs  oC  iO  analjtm  of 
eompoelte  >aiiip[«  at  waler,  oallccUd  betvMD  Ovtobei  12,  Ull,  and  Avgatt  u,  IB12. 

I.  POkaa.  Lake,  Oragoa.    Van  WtaUa,  uulfM. 

K.  Blotjotnt  Laka,  Oncon.  Vm  WInkIc,  aiuljst.  Palkan  and  Bloatatat  L*kM  an  b  tbe  WanHT 
Lak«  Inatn.    AoBljasa  ue  also  givaii  ol  Cnunp,  Hart,  and  FlagitBiF  Lakes,  all  In  tha  gama  groop. 

L.  BIlTar  Laka,  In  Cbiialinai  Laka  baafa,  Oragcin-    AnalfSla  bf  Van  Wlakla. 

!£.  Soap  Laka,  Washlnetan.  AnalTsliby  Oearga8talgar,U.e.  OaoL  SnrvaTBolLNo.  lU,lSSS,p.Iia. 
Anatbtr  analyih  by  H.  O.  Knlgbt  la  giveo  In  tbe  prartoua  adltkau  o(  tUi  vorlc 

K.  Uoaet  Laka,  Wuhtngton.  Analytli  b;  H.  0.  Knight,  Ann.  Kept.  Waahington  OaeL  Bamf,  voL 
1,  IMl,  p.  X6. 

O.  Omak  Laka,  ColvUIe  Indian  RMtrntlon,  Vsahtaigtan.  Analysis  by  8talg«  in  tha  labontoiy  rf 
tbeBnrv^.    BindOo  gravity,  l.OOt,  at  SS*. 

P.  Ooodanaagh  Lake,  a  ahallow  pond  2g  mila  nortb  of  Clinton,  Britlib  Cohunbla.  Analyita  by  f.  G. 
WidtiAnn-Rapt  OwLSarveyCanida,newatf.,ToLll,  18ae,p.  UR. 
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All  of  these  waters  contain  bicarbouates.  Goodenough  Lake 
deposits  natron,  Na,CO».10H,O,  of  which  an  analysis  is  given.' 

A  few  saline  lakes  situated  east  of  the  Rocky  Mountains  have  been 
studied  to  some  extent.    The  analyses  are  as  follows: 
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THE  WATERS  OF  CLOSED  BA8IKS. 
AtulgHi  <^v>aier/Tom  talhie  latei  taa  o/iA«  Sodty  JlmmUani, 


lAkt,  Wyoming.    Analysis  bf  E.  E.  SlosaoD,  I 


1.  Wyoming  £xp«t.  Bta.  N 


A.  WDn 

B.  BlE  Lak 
C  TncfclAk*. 

D.  BodlAke.  Theao  ttiret  iBkn  u«  known  u  the  Luamie  or  Union  FscUlo  l.slne  of  Wyoming.  Tba; 
u«  DKially  dryj  but  fn  1S8S  weni  flUed  with  irftter.  Analysaby  H.  Fflmbertonand  Q.  F.  Tucker,  Jour. 
Frmklla  Inst,  toL  Hi,  1SS3,  p.  G!. 

E.  I«ks  Da  Smst,  Vfyombig.  Analyst  by  W.  T.  Bchsllcr  la  tbe  Uboralory  ol  tba  U.  S.  GeoL  Bantj. 
An  analysis  of  itB  [nder,  Sball  Cresk,  WBS  Bim  nudii.    Gflu  Waler^Supply  Paper  No.  3U,  1B14,  p.  17. 

F.  Dwils  Lake,  Nortti  Dakota.  Analysis  by  H.  W.  Daodt,  Quart.  lour.  ITnlr.  Nortb  Dakota,  vol.  1, 
1911,  p.  H^    Beduced  tc  staodard  fOnn.    Ca,  0.04:  SlOi,  12.1:  KiOi,  t.O  parts  pv  mDlion. 

a.  Old  wives  or  CbaplinLakn.SuikBtcbinran,  Canada.  Analystsby  P.  J.  Alway  and  R.  A.  OoUtr, 
Am.  Chen.  Joat.,  ToL  37,  leOT,  p.  3.   AeoakiulatHlloloapeTMnttiam  Uw  original  eummatknolWJI. 
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^.  B.  Bdiults,  Bull.  U.  a  OeoL 


Five  of  these  lakes  are  essentiallj  solutions  of  sodiont  sulphate,  and 
reeeonble  certaiix  bodies  of  water  on  t^e  Russian  steppes. 


.y  Google 


164  THE  DATA  OF   GEOCHEMISTBT. 

CENTRAL  AND  SOUTH  AMERICA. 

For  the  Balino  waters  of  Genital  and  South  America  the  chemical 
data  are  very  scanty.    Six  analyses,  however,  may  be  cited  here: 

ATUilytit  o/ialine  vmUrtfiom  Central  and  South  Ameriai. 

A.  I«ke  Chidm-Kanata  ("little  an"),  YaiMta.  Analrsb  b;  J,  L.  Hmrs  uid  H.  D.  (^mpbcll.  Am. 
Jour.  ScL,  Ithss-.,  vol.  3,  ]ra6.p.  (13.  Two  aunplca  mn  uulyicd,  uid  Out  from  the  middle  of  Uic  bka 
Is  glv«a  belov.    The  ■mttt  dapcelts  eypsum. 

B.  I«ke  Parinacocbu,  Fvu.  Analj^  by  a.  8.  Junhsoo  sod  H.  Bln^um.  Am.  Jour.  BcL,  ss-.  4,  *aL 
34,  p.  13,  UI2. 

C.  I«k«  HuKBchlma,  Peru.  Anolfila  b;  E.  Poul-EHOt,  Biil!.8oF.Blilm.,4th  9ir.,Tol.  15, 1814,  p.  ST. 
TnmofbmnJdCB,  Iodides,  and  thloiilidutas  (re  >l9ani)ort«d.  l^a  ualysb  Is  obscunl;  itatad,  end  the 
nealculatlcoi  litre  b  tlunlDt*  soinewbBt  uooerteln. 

D.  Lagoon oITBUiNitJCB,  Chile.  8nF.  J.8uiRomln,DaIiTloIciinUll(nsdBAlacsms,  vol.3,  Suitlsga 
de  Chile,  luce,  p.m. 

E.  Rb]  Soladlllo,  ArgmtltiB.  Aittlytis  by  Sleinrt,  reporUd  by  A.  W.  Btclnur,  Belttlge  nir  Ceologto 
ntid  PalBoHilolagle  dn  ugcatlnlsduo  Rapabllk,  ISBi.  Sample  takm  at  ruail«  del  UoDtv.  The  river 
empUasinto  the  Laguoa  de  las  Ponrngoe.  It  b  salt  durbif;  dnm^t,  nearly  fresh  In  the  mlay  seesoo.  Stela- 
□er  eetbnata  that  It  cuiiie  futo  tbelaguna,  annuatly,  IMfiK^oa  kUogiams  of  salts.  Stdma  alsDElva 
amdyns  by  Doa-lnn  of  the  Saladlllo  betveea  Salta  and  Jujuy,  and  of  Anoyo  Salsdo  tc  Patagcoh. 

F.  Lagnna  da  Epecute,  Argentina.  Anlysla  by  U.  U.  Laguliam&i,  TnbaJiH  Cuartc  CiEig.  clntL  Tut- 
Anwlcano,  m.  i,  SuMlago,  ISIO,  p.  2U. 
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THE  WATGB8  OF  OLOSBD  BA8IHB.  16S 

CA8FIAJ4'   SEA.  AND    SUA   OF  AAAZj. 

The  greatest  of  all  the  closed  basins  is  that  of  the  Caspian  Sea, 
which  was  formerly  connected,  through  the  Black  Sea,  with  the  gen- 
eral oceanic  circulation.  It  is  also  probable  that  the  Sea  of  Aral  was 
at  some  time  a  part  of  the  same  great  body  of  water,  and  therefore  the 
t\ro  sheete  are  properly  to  be  considered  together.  Many  smaller 
saline  lakes  are  scattered  through  the  Caspian  depression,  some  of 
them  being  recent  concentrations  from  overflows,  while  others  are  of 
much  older  origin.' 

The  Caspian  Sea,  howeTer,  is  something  more  than  a  segregated 
remnant  of  the  ocean.  Its  water  is  diluted  by  the  influx  of  the 
Volga,  the  Ural,  and  other  important  streams,  so  that  its  composition 
is  intermediate  between  that  of  a  river  and  that  of  the  open  sea. 
Its  salinity  is  relatively  low  and  very  variable.  At  the  north  end, 
near  the  mouth  of  the  Volga,  the  water  is  only  brackish;  in  the  deeper 
southern  portitms  it  is  much  salter.  On  the  eastern  side  of  the  Cas- 
pian there  is  a  lai^e  gulf,  the  Karaboghaz,  into  which  a  current 
continually  flows,  through  a  shallow  channel,  with  no  compensating 
return.  This  current,  it  is  estimated,  carries  daily  into  the  gulf 
350,000  tons  of  salt;  and  therefore  the  salinity  of  the  Karabc^haz  is 
steadily  increasing.  Its  waters  no  longer  support  animal  life,  and 
saline  deposits  are  forming  upon  ite  bottom.  Near  its  margin 
gypsum  crystals  are  formed;  toward  the  center  of  the  gulf  soditmi 
sulphate  is  deposited.^  The  latter  substance  is  thrown  down  only 
during  the  winter  months,  for  at  summer  temperatures  the  Karabo- 
ghaz brine  is  an  unsaturated  solution.  In  cold  weather  it  is  saturated 
with  respect  to  sodium  sulphate,  but  not  for  the  chloride,  and  the 
latter  remains  dissolved.'  The  s^aration  of  salts  by  fractional 
crystallization  is  thus  well  exemplified. 


■  S»  S.  Kasaetaoa.  Zeitscbr.  prakt.  Oeologta,  1396,  p.  X. 

■  Bm  N.  B.  Eiunakoa,  Verhandl.  Run.  k.  mio.  dcadl..  3d  scr.,  vol.  3S,  ISDO,  p.  26  of  the  prooMdlusi. 
F«  a  IcKig  papw  an  cha  E^nboghu,  olM  kuowQ  as  the  Kanibugu  «  Adscbl-duja,  M«  W.  Slahl,  Natui. 
WochcoKhr., -vol.  20,  IMS,  p.  889.  ^ti  paper  Is  based  on  SD  olBd&I  Roashn  report  bf  Sphidlec  uid  LebC' 
dlDtiaff,  pDblldied  hi  IBOO.  Fn  an  analjita  ol  water  trom  Lake  Donui  In  Tranacupla  ae 
labraab.  Cbomle,  1867,  p.  2S31. 
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166  THE  DATA  OP   GEOCHEMISTBY. 

To  illustrate  the  composition  of  the  Caspian  and  allied  waters,  a 
few  analyses  must  suffice.  The  older  data  can  be  found  in  the  works 
of  Bischof  and  Roth.    The  following  examples  are  fairly  typical: 

^noIjMM  o/  Oatpian  and  alUtd  vmlen. 

A.  CuplanSea.    UeuKdflmi 

B.  Ct^aa  Sea.   Aiul;>to  br 
p.S». 

C.  KMalKttiu  aaU.  Azaljsla  bj  Sdunldt,  k».  dt. 

D.  Earabcchu  OnU.   AmlTib  by  LebedtaitiBff,  dMd  by  StaU,  loe.  dt. 

E.  TtoeUky  Lite,  ■  rwMna  oCcaiainljattet  Irom  theC»giiart.   Aiulysla  by  Bdunldt,  Ice.  < 
F.BeaolAral.   Aittl;>l>by8chiiiidt,dted{nimRdth,AIIgem<ia«tmddiem]KhBGeoloeie, 

8dimklt'iiiu]ynarapartbloarb<matei,wblcfa  ars  twee  ledoced  tononnalnltc.   I  hum  •In 
(he  fcufgiilamit  qnaDtltlu  cUsIUro,  pbosi4ioricacld,HidlBiTkiaild8,Tliidii'Bn<lotBnaliiB> 

Q.  8m  oI  AraL   Aiulyals  by  Btepanow,  dtsd  by  S.  SoweUnr,  Ann   Hydrog.  and  Hitlt. 
ISIO,  p.  SS8.    Other  m»ut  axaiyapa  ua  alio  mentloaed,  ptdietaly  fran  tbe  invioentih  by  I..  Bb 
BUL  Of  Anl,  publlsbed  by  tlw  Biwlui  Qeogrqihkal  Society,  a  work  whldi  I  bBv«  not  leai. 

~I.  nwBtmr  Atnk.Birastsm  tributary  of  tbe  Casplaa.  Mean  of  two  analyna  bj  F.  S.  Otftn, 


p.  1413.    AoalyaesoCUwtHbataiyrl' 


ra  Smnbar  and  Tadundyr  ara  abDchm. 
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Analyses  C  and  D  show  that  the  Karaboghaz  varies  from  time  to 
time,  both  in  composition  and  in  concentration. 

With  the  exception  of  the  Atrek  and  two  other  small  streams, 
analyses  of  the  rivera  which  feed  the  Caspian  seem  to  be  wanting;  at 
least,  I  have  found  none  recorded.  They  must  have  carried  large 
amounts  of  calcium  and  of  carbonic  acid,  which  have  been  ahnost 
entirely  eliminated.  The  falling  off  of  sulphates  and  the  concentration 
of  magnesium  in  the  more  saturated  waters  is  clearly  brought  out  by 
the  table,  an  order  of  change  which  will  bo  considered  more  fully 
somewhat  later.  Both  tho  Caspian  Sea  and  the  Sea  of  Aral  differ 
chemically  from  the  ocean  in  their  higher  proportions  of  calcium, 
magnesium,  and  sulphates.' 

■  BerfstrasBcr,  in  Petcrmaon's  HlttbeQungen,  IBSS,  pp.  1(M-1(K,  baa  brmisbt  tceMbar  38  old  inalyssi  of 
nltatrcsntbeUkeaoIAxtnkbanandthenioiithaftbeVdga.  VaaataaljaiaotntaibmaXttBTIattak, 
Aatnkhan,  a»  N.  W.  Sokoloa.  Jour.  Ctem.  Sac,  toL  100,  li,  1911, p.  M3,  abatnot  tnm  laai.  Rnnkii 
¥bjiA3ieui.  Sac,  *d.  13,  p.  Vt. 
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THE  WATBBS  OP  CLOSED  BASINS. 


THE  DBAJ)    SUA. 


In  the  water  of  the  Dead  Sea  some  of  the  phenomena  of  sahne 
concentration  are  e^diihited  to  an  extreme  degree.  Sodium  com- 
pounds have  heen  largely  eliminated,  and  the  mmaining  brine  resem- 
bles in  many  respects  the  mother  hquor  left  by  ocean  water  after 
fche  extraction  of  salt.  It  is  rich  in  magnesium,  calcium,  and  bromine; 
the  sxdphates  have  been  reduced  to  an  insignificant  amotmt,  and  car- 
bonates are  almost  entirely  lacking.  The  original  solutions,  how- 
ever, from  which  the  Dead  Sea  was  formed  were  probably  not  iden- 
tical in  composition  with  those  which  produced  the  salinity  of  the 
ocean,  and  so  the  bittern  of  sea  water  differs  from  the  brine  that  we 
are  now  considering.    The  two  are  similar,  but  not  quite  the  same. 

The  water  of  the  Dead  Sea  has  heen  repeatedly  analyzed  and  the 
older  data  are  reproduced  in  the  works  of  Bischof  and  Roth.  The 
best  series  of  analyses  is  due  to  A.  Terreil,^  and  of  his  eight,  six  are 
^ven  below  in  reduced  form.  They  represent  samples  collected  from 
different  depths  and  different  parts  of  the  lake,  and  they  show  its 
variable  character. 

An<dy»e*  of  water  fiom  Dead  Sea  and  River  Jordan. 


B.  At  dqtth  <tf  X  meters,  S  mUes  east  ot  Widy  Uimbba.   'teTelt. 

C.  Ati]eptho(Uiiieten,iHarICaaUaned.   TemO. 
I).Atileptbo(l30nieMn,fimllaieaatarSuFeectilLab.   Terrell. 
£.  8aiiteliicaIltTuI>,*tdei>tho(3DOtDet«n.   Terrell. 
F.SanelocslltrMB.udepthoiaoomelen.   Tainii. 
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■Cogvt.ItaBd.,ToL<ia,iaM,p.133»  THmllalmiudeanBtulyBlaaftlw*rBteraftlieBlTBrJatdwi,bdt 
■tatedlt  obeeaiely.  laaddltkn  totbeiubstaacfisnamed  tn  the  table, TeiTcUrepait9trBceaoIh;iln>geD 
ralphide,BiiunoDia,aloiiliai,lBTTloi>ildB,end  orgBoli:  matter  In  tbe  water  ol  tbe  Dead  Sea. 
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Arudyiei  qfioaUrfrom  Dead  Sea  and  River  Jordan — Continued. 

0.  Aatlftii  by  J.  B.  BtxualDgault,  AhiuIm  chlm.  pbyi.,  Sd  bbt.,  vol.  *S,  IBU,  p.  US. 
atlu  the  earlier  ttaijtea  of  Dead  3a>  irslar. 

H.  Analfilsb/F.  A.Ottith,  UBbl|'iAimBlHi,Tiil.  110, 18Sg,p.M0. 

1.  AoBlj^bj  Roni,  Compt.  Rend.,  vol.  ST,  lgS3,p.  003. 

T.  AualysEsby  H.  Fleck,Ji>ur.Cbem.Soi:.,vol.43,  lgS3,  p.  M,ebitraet.    I^bslil;  anrhco  water. 

K.  Analysis  by  A.  StutierHHl  A.  Reldi,  Cbem.  Zeltmw,  toI.31,  ItOT.p.  SU. 

L.  Analyslsby  A.  Frledmuiii,Cliem.Zeltmi«,TDl.3a,p,l<;,19ia.    Specific gnvlty  1.139R.    Ueuotl 

U.  ADBlyaliby  H.Freeeitlui,ZeltBCbT.>i:«ev,Cbem.,ini,p.lHI.  SpecUIc  gravity  1. IKS  at  U*.  TIib 
trace  Dl  iodine  15  0.000147  cram  per  kilo,  and  of  Iron.  OJMOTJM  Eram. 

N.  Tbe  Jordan  Deal  Jericho.  Analyilsby  R.3actuse,Inaiig.  Din.,  Erlangen,  ISM.  Analysa  of  leTeral 
Mnallar  Kname  an  flno.  Organlo  matter  not  Imdnded  In  the  loUoirlng  table.  An  eailiei  analysis  by 
Andereooli  cited  in  the  ant  edition  of  (his  bo(A<B<iUethi  330). 
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100.00 
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100.00 
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From  the  foregoing  analyses  we  see  that  the  water  of  the  Dead  Sea 
differs  widely  from  all  the  other  waters  that  we  hare  examined.  ITie 
composition  of  its  main  feeder,  the  Jordan,  is  also  unusual.  When  it 
enters  the  Dead  Sea,  its  carbonates  and  gypsum  are  precipitated,  and 
its  contribution  to  the  lake  brine  is  composed  almost  entirely  of 
chlorides.  The  valley  of  the  Jordan  and  the  regions  roundabout  the 
Dead  Sea  contain  many  beds  of  rock  salt  and  gypsum,  and  the  neigh- 
boring Cretaceous  strata  are  impregnated  with  the  same  substances. 
From  these  sources  the  river  derives  its  chlorides  and  sulphates,  and 
BO  returns  to  the  lake  some  products  of  its  former  concentration.  Hot 
springs,  also,  as  L.  Lartet '  and  others  have  shown,  contribute  to  the 
sahnity  of  the  waters.  To  some  extent,  probably,  there  is  atmospheric 
transportation  of  salts  from  the  Mediterranean,  and  W.  Ackroyd  ' 
r^ards  this  as  a  most  important  ^;ency,  although  it«  influence  is 
probably  overestimated.  Whatever  may  have  been  the  origin  of  the 
Dead  Sea,  its  water  is  now  essentially  a  bittern,  relatively  low  in 
sodium,  high  in  magnesium,  and  remarkably  rich  in  bromine.    The 


'  Bull,  aoo,  gtol.  Fianoe,  id  ler.,  vol.  23,  ISM,  pp.  TlO-TtO. 


■  Cbem.  Hawi,  vol.  M,  lOU,  p.  13. 
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biine  from  300  meters  depth  carries  over  7  grama  of  bromine  to  the 
liter,  but  only  a  trace  <tf  iodine  has  been  detected  in  it.' 

OTHER   RUSSIAN  AND   ASIATIC   IiAKES. 

Mother  liquors  having  a  general  similarity  to  the  Dead  Sea  brine 
are  also  furnished  by  the  Elton  Lake,  in  southern  Russia,  and  the 
Ked  Lake,  near  Perekop,  in  the  Crimea.  Their  analyses,  recalculated 
from  the  figures  given  by  Roth,  appear  in  the  next  table.  The  com- 
position of  the  Elton  water  vaiiea  with  the  season  of  the  year,  and 
I  have  selected  an  analysis  which  represents  its  concentration  in 
August.  In  spring  its  tributaries,  swollen  by  melting  snow,  bring  in 
much  sodium  chloride  and  alter  its  character  mat^ally.  Analyses 
of  water  from  several  Asiatic  lakes  are  included  with  these  in  the 
table  following. 

Analtite*  o/ Rultian  and  Anatic  wiUn. 
A.  Elton  Laks,  Raak.   Aatlrak  by  ErdnuDD,  cll«d  by  Roth,  A 


B.  Red  Laka,  Pankop,  OlniBB.  AsMtytkby  Huatugoi,  tram  Roth,  op.  olt.,  p.  471.  Rolh  glvrt  anal- 
yaes  ot  «btw«1  oUur  CHmeui  salt  lakei.  AulyM*  of  (our  Crimean  lakes  an  gfran  by  A.  GMbal,  UO- 
tblm.  ph;!.,  to).  G,  ISM,  p.  3M. 

C.  Lake  Van,  Armenia.  Aoalribbr  E.  da  Oiaiuoartoh,  Compt.  Rand.,  toLSI,  ISU,  p.  lUL  Otz- 
bonata  ledDoed  to  normal  ulta. 

D.  LakaUrmlorVrmlahjPente.  AnalrBla  by  B.  T.  Olfaitbcc  andJ.  J.  llan)^,  Pn».  Rd;,  Bm.,  vol. 
<»,im,p.3U. 

E.  Bait  laka  new  Shtai.Panla,   AnaljBJB  b;  K.  Nattcrai,  llooatah.  Caumfe,  toL  16,  UGS,  p.  «Gg. 

F.  OaaUuna  Lake,  aoulham  Paitla.    Analysis  by  A.  Beldei,  pnblldied  by  itbttaa,  op.  olt,  p.  6TS. 
O.  Koko-Nor,  Tlbat.    AnalyBtoby  C.  Bntamldt,  BuU.  Aoad.  St.  Potenbori,  toL  24,  IBTO,  p.  IT7.    Blcar- 

bonala  raduMd  to  ncfinal  lalts.    Sample  taken  tn  an  tumn,  1873. 

H.  Koko-Nm,  Tibet.  Analyili  by  Stihrnldt,  U&.  cblm.  pbyi.,  BL  Ptteabart,  vol.  11,  1S81,  p.  187. 
Sample  taken  In  the  «]nlet  ol  1B80,  Inm  ondec  Uilck  lee.  For  analyee*  ol  three  saUm  laka  In  Canlnl 
Aab,  MS  Si4imUt,ldem,  ToL  12, 1SS7,  p.  MT. 
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17.65 

2.01 
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.32 
2.53 

.82 
.83 

.01 

1.77 
2.90 
.09 
.02 
.02 

Sdinity, per  cent.... 

100.00 

26.50 

100.00 
30.01 

100.00 
2.10 

100.00 
14.86 

100.00 
7.77 

100.00 
26.88 

100.00 

1.11 

100.00 
1.30 

iTha  toDowfns  rafarsnofS  to  original  authnrftlM  on  the  water  ot  the  Dead  Sea  lira  worth  reoordbig:  J. 
Apiobn,  Frae.  "Ray.  IrUi  Acad.,  vol.  l,  ISJI,  p.  2ST:  B.  amiman,]r.,  Am.  Joat.  ScL,  iatta.,  vol.  48,  Isis, 
p.  10:  T.  I.mdW.Hanpath,  Jour.  Chem.Soc.,  vol.  1,1840,  p.  S37;  A.F.  BouDon-CharlajdaiklO,  Henry, 
l«u. pliaim.chlm., Hard), 18IS;  R. 11, l[amy,PrDc.Glaw>wPliIloi.Soi:.,  vol. 3,18113, p. 242;  J. C. Booth 
■IidA.Hiickk,Am.Jaiii.ad.,2daar.,Tol.  ig,lKU,p.  l4e;F.  UaldeDhsi]tf,Llebfe'9Anaalffii,yal.a7,18ai, 
p.  3iT.  Bdiwannibaeli,  Hitt.  naturionch.  Qeeell.  Berne,  1870,  p.  47.  An  analyik  by  J.  H.  Salbbarr  lAm. 
Polyleefa.lour.,  vol.  2, 18S3,  p.  374]  ol  what  purpcrted  to  be  Dead  Sea  water  wai  evldantly  of  aeean  mlcr. 
Tike  earltor  analyna  by  A.  Ifarcet,  Klapratb,  Oay-LDSSBC,  aod  C.  0.  Omelin  have  only  hMorlcallnteiMt, 
A  recant  anatyik  by  IUt4fliell  (Berg-  u.  bOttenm.  Zattung,  IW2,  p.  32(}  b  ol  doubtful  value. 
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The  general  resemblance  of  analyses  A  and  B  to  those  of  Dead  Sea 
water  is  evident.  Elton  Lake,  however,  contains  a  notable  propor- 
tion of  sulphates,  which  are  entirely  wanting  in  the  Crimean  water. 
Lake  Van  is  alkalme,  and  its  saline  composition  is  much  like  that  of 
Mono  Lake  in  California,  except  that  it  is  less  concentrated.  Lake 
Urmi  is  of  the  same  type  as  Great  Salt  Lake,  and  the  two  other 
Persian  waters  are  similar.  The  Koko-Nor  belongs  in  Uie  same  class 
with  the  Caspian  and  the  Sea  of  Aral,  but  it  contains  a  much  larger 
proportion  of  carbonates. 

In  the  neighborhood  of  Minusslnsk  and  Abakansk,  govenunent  of 
Yeniseisk,  Siberia,  there  are  a  number  of  saline  lakes  or  ponds  which 
have  been  studied  by  F.  Ludwig.'  The  reduced  analyses,  arranged 
in  the  order  of  their  chlorine,  are  as  follows : 

Aiialyta  of  vxiter  fiom  mline  lakes  of  Yhiiteuk,  Siberia. 

A.  Tba  EbU-KuL 

B.  Lak*  Schonctt,  nUr  cDllectad  In  UH.  Anotlw  Uial7<d3,  of  a  sampls  DoDacted  In  18B8,  gt,m  dmOu 
but  vnigwliat  dlffcrsnt  rteolts,  and  sJiDwal  muiA  gresttr  auiceotntion.  Thb  laltn  mapMtudanlial^ 
ol  25,39  pa  coat,  and  lt3  salts  contained  O.m  per  emt  of  bmmlnB, 

C.  iak»  TaEar. 

D.  Lake  B«lsk. 

E.  Bitter  Laks. 
P.  LBk«  Altai 

O.  LakeBUJd.   This  is  tbe  laTjeat  of  tha  lakes  and  measuru  abaiit  «0  kOomtm  In  drraunAnua. 
B.  Laka  I><Hn[KbBkl>^'o. 
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10.88 
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The  last  analysis  in  this  table,  that  of  Lake  Domoshakovo,  repre- 
sents essentially  a  solution  of  sodium  sulphate,  with  very  httle  else. 
It  is  the  extreme  type  of  a  sulphate  water.  The  other  watera  upon 
evaporation,  yield  mixtures  of  chlorides  and  sulphates,  sodium  being 
the  dominant  electropositive  radicle.  In  one  analysis  only  is  magn&- 
sitim  high;  in  two  others  it  is  important.  "Die  calcium  is  insignificant 
throughout  the  series. 
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A  number  of  otiier  Siberian  lakes  have  been  investigated  by  C. 
Sclunidt,  ftt)m  whose  memoirs  the  subjoined  analyses,  reduced  to 
standard  form,  have  been  selected.' 

Aruil^iet  o/waltrfiam  SibeHan  lata. 

i.lxjk-KnL    U^LpbTX-dilm.,  SLPetmbmi,  niLll,  U8Z,  p.  823. 

B.  IlabkHK1ikB,gDTKiini«itaIOmbvs.    Op,  clt.,TvL  II,  18g2,p.  BW.    ATsmga, 

C.  Butbatmr  bllbr  Uka,  SOO  rents  nmtliwtiit  ot  Barnaal,  govanimsnt  of  Tomik.    Op.  dt.,  vol.  11, 


D.  BaUlU&-KalorFiihlAk«,Elr^iIi8Mpfie.    Op.  dt.,  vol.  13,1883 

p.J7. 
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MISCELLANEOUS    i:4AKES. 

In  the  next  table  I  give  reduced  analyses  of  several  European  lakes 
of  widely  varying  character.    They  are  as  follows: 
Analyiei  of  water  from  European  laket. 

A.  Ltka  iMKh,  Gimuuiy.  AtuUTsl)  by  0.  Blschaf,  hHubucb  d«  chamlKlwD  und  iihyilkBlisdun 
a«olagla,  2d  sd.,  toL  1,  lata,  p.  31B.  This  laknoccnpla  the  ratUr  ot  an  oittnct  mlcana,  and  iti  vaUrli 
msh.   It  li,  aevtrtheltm,  an  altallne  waUr  and  fields  sadlmn  caibooata  on  evapontlou. 

B.  FbUo  Laks,  Banal,  Huncary.  Analysis  by  K.  van  Hauv,  Jahrb,  K.-i.  geoL  Ralchsanstalt,  toL  T, 
ISM,  p.  Ml.  IrOD,  m>Eii»timi,  and  caLclmn  aie  h<ld  In  aolnUon  as  bksibonala,  and  are  pnc^iltattd  on 
boQlng.    Pro  carbonic  acid  and  oixanlc  msttCT  are  al»  iH^sent. 

C.  niy^  or  Uadve  Lake,  near  Btovata,  Rnngar;.  Analysis  by  B.  Ton  Lengyel,  FMdt,  EStL,  yvl.  28, 
lesSip.lSD.   Raceotly  lonnad  by  ■  linking  of  the  gnnnd.    Tben^taboringooimtiy  oonUlmealtdeposils. 

D.  Lake  RosBUda,  Hoi^Biy.  Anal^  by  I.  Bcbnldir,  clUd  by  A.  Eakciinaky,  F<Ut,  Edal.,  v<d.  28, 
ISO,  p.  m.  Tbe  data  as  pabliibsd  sttov  disciapauciee  wblcb  detract  Inm  their  valna  Organic  mattv 
omitted. 

£.  Lake  Tekfr-Ohhil,  Raunumla.  Aoalyila  by  roporkl,  SaUcny,  and  Qeoreesco,  ctted  by  P.  Butor, 
Annicl.  UniT.  lany,  vol.  1,  IMt,  p.  158.  A  lake  of  about  1  ,tw  haclam,  slbiatad  only  3D0  to  «D  matss 
mm  the  Black  Sa.    The  published  lununatlaD  of  the  analysis  ti  not  In  acvord  with  the  Indh-ldualflguiw. 

F.  lAca  Barat,  Ronmanla.  Analysis  by  Carmt,  ci(*d  by  Bujor,  op.  cH.,  p.  ITU.  In  irlntar  this  lake 
depoeita  crystaUlied  aodlum  sulphate,  mlrablUle,  NaiSOi.lOHiO.  In  a  menuir  antlUed  "Aps^  e6ik>- 
glquB  nir  las  lormatlan]  salUtres  et  lee  gteemeDts  de  sel  en  Roumanle,"  Bucbartet,  1902,  L.  Uraiw  and 
W.  Telsseyra  cite  analyin  al  I^cu  Sarat,  Lam  Fundala,  Lacu  Amara,  and  Lam  lanra.  Tliey  also  gtre 
analyna  ol  Roumanian  salt. 
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100.00 
218 

100.00 
2,215 

100.00 
233, 747 

100.00 
6,276 

100.00 

70,877 

100.00 
68,038 

lUy^s  Lake  and  the  neighboring  Black  Lake  are  essentially  Btrong 
Bolutions  of  conunon  salt,  fonned  by  the  leaching  of  salt  beds.  Ac- 
cording to  A.  Kaleczinzky,'  they  have  warm  layers  under  a  fresh- 
water stu-face,  which  owe  their  increased  temperature  to  the  absorp- 
tion of  solar  heat  and  to  the  fact  that  brine  has  a  lower  specific  heat 
than  water.  The  surface  layer  of  Black  Lake  has  a  temperature  of 
21°;  the  warm  layer  below  reaches  56°.  These  lakes,  therefore,  are 
accumulators  of  heat. 

With  the  analyses  of  six  more  lake  waters,  the  present  tabulation 
must  close.    They  are  as  follows : 


Banko  or  the  Black  Lake  la  glvm. 
peroanl.    Sea  also  F.  Sctaabnik.F 


und  holssen  Kochsali-SMn,  etc.,  Budapest,  1MZ.  An  analysis  by 
It  is  pracCicaUy  ldHitk?al  with  that  of  llly6i  Latei  Ibe  saUntty  H  \»Ji 
Idt.  SOsL,  ToL  3S,  IKM,  p.  137. 


THE  WATERS  OF  CLOWD  BASINS.  173 

Artalytt*  oftaHne  laktt  in  Africa,  htdta,  ondAu^raUa. 

A.  NMtm  LBka,  n«ar  TbatMO,  £gTPt.    Antiyib  bf  E.  WlUm,  G<«tipL  HcDd.,  vot.  S4, 1863,  p.  1334.    No 


C.  Ths  KMwn  nit  laka,  north  Ot  Albtrt  Edmrd  Hjtiam,  cnnlnl  AUds.  Analyab  br  A.  P^ipa  emd 
H.  D.  Rldmiinid,  Joui.  Boc.  Cbam.  Ind.,  YOl.  fi,  1890,  p.  7U. 

D.  Sunbhar  Salt  Lake,  B^puttua.  Lodla.  Ajulyib  by  W.  A.  K.  Chrtatto,  Hac  0«ol.  Surra;  In<U>, 
tdI.  SS,  1W»,  p.  167.  Trac«a  oT  NH4,  F^  H,  BOi,  POi,  and  I  wcra  also  tound.  For  the  oriilii  oT  tha  i^ 
b  tlili  lake  see  ante,  p.  ISO. 

E.  Looar  Lake,  B«ar  dbtrlct,  Cantnl  FnrrlDOta,  India.  Analyabb/T.H.  D.  LaToucheaiid  W.  A. 
K.  caulstla,  Rac.  Qeoi.  Survey  India,  vol.  41, 1913,  p.  »S.   Tracca  of  bcrata  daUcted. 

¥.  Idke  Cwiciuiitt«,  Victoria,  Australia.  Ajuljak  bj  A.  W.  Cnlg  aod  N.  T.  H.  Wlbnura,  Foorth 
Bapt.  AnatfalaglMi  AnOO.  Adv.  Sd.,  ma,  p.  370. 
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52.96 
.04 
6.86 

40.76 

■"'i.'48' 

.01 

17.63 

39.60 

.11 

.01 

Trace. 

Trace. 

.40 

.<B 

12.33 

32.90 
31.06 

15.17 
41.33 

10.42 
33.46 

Trace. 
TtBce. 

2.19 

38.86 

.09 

Trace. 

.01 

K  . 

3.57 
3.62 
1.50 
1.36 

.03 

Trace. 

Salmity,  parts  per  million 

100.00 
4,407 

100.00 
211,400 

100.00 
310,000 

100.00 

100.00 
82,872 

100.00 
46.038 

SUMMART. 

Wil^  the  evidence  now  before  us  it  is  easy  to  see  that  the  Wftters  of 
salt  and  alkaline  lakes  may  be  classified  in  a  few  fairly  well  defined 
groups.  First,  we  have  a  group  of  chloride  watera,  characterized 
mainly  by  sodium  chloride,  which  may  be  regarded  as  belonging  to  an 
oceanic  type.  In  the  following  table  these  waters  are  summed  up  in 
the  order  of  d'"''"'«>''"E  chlorine,  only  the  main  constituents  being 
given: 

Prindpid  eoiutUuerUi  o/Moride  wattn. 


a,  Br. 

so*. 

co^ 

Na,K. 

Ca. 

"«. 

60.71 
60.26 
60.18 
59.67 
59.54 
68.18 
57.33 
56.74 
66.73 
65.48 
63.00 

0.67 
.47 
.44 
1.29 
1.66 
3.48 
5.06 
4.82 
6.61 

6!  86 

Trace. 

'"b'.iA 

"% 

Trace. 
.21 
2.19 

36.46 
38.88 
39.02 
37.38 
36.01 
36.80 
34.76 
36.40 
36.16 
31.70 
38.98 

0.28 
.33 
.26 
.82 
.13 
.46 
.32 

1.63 
.32 

1.20 



Uly««L«k«        

.03 

1.84 

Great  Salt  Lttke  (average) 

2.28 
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These  analyses  surest,  if  they  do  not  actually  prove,  a  siDularity 
of  origin  for  all  these  bodies  of  water,  and  a  possible  derivation, 
direct  or  indirect,  from  a  primitive  ocean.  Some  of  the  lakes  were 
formed  by  leaching  masses  of  oceanic  salts  which  were  deposited  in 
earlier  geologic  ages;  others  are  doubtless  remnants  of  oceanic  over- 
flows or  segregations.  In  the  leaching  process  the  alkaline  chlorides 
dissolved  more  freely  than  other  salts,  and  so  became  concentrated  in 
the  newer  watoia.  K.  Natterer/  in  his  discussion  of  the  Persian 
salt  lakes,  su^ests  that  differing  diffusibility  may  have  played  a 
pait  in  the  concentration  of  sodium  chloride.  As  the  leaching  waters 
percolated  through  the  soil,  the  more  diffusible  alkaline  chlorides 
would  be  partially  separated  from  the  less  active  calcium  and  mag- 
nesium salts,  and  would  reach  the  lake  reservoir  in  larger  quantities. 
The  composition  of  Lake  Tekir-Ghiol,  which  is  closely  adjacent  to 
the  Black  Sea,  would  seem  to  emphasise  this  su^estion.  In  it  the 
alkaline  chlorides  are  concentrated,  while  the  other  constituents  of 
sea  water  are  present  in  much  less  than  the  normal  amounts. 

In  direct  relation  to  waters  of  the  preceding  group  are  the  derived 
waters  of  the  bittern  type.  In  these,  by  prolonged  evaporation, 
magnesium  salts  are  concentrated,  sodium  chloride  having  crystal- 
lized out.  The  three  waters  available  for  comparison  are  as  follows: 
Prineipat  coruliUterUi  t^natvrai  bilUrni. 


Cl.Br,l. 

SC          CO.. 

Ni,K, 

^ 

M«. 

68.15 

66.96 
64.22 

0.28    Trace, 

13.55 
19.90 
11.27 

4.37 
2.01 
.10 

6.82          .M 

From  the  chloride  waters  we  pass  by  slow  gradations  to  the  sul- 
phate type,  as  shown  in  the  following  condensed  analyses.  Between 
the  two  groups  there  is  no  distinct  line  of  demarcation. 


o/ddoro^ulphaU 

mam. 

CI,  Br. 

SO,. 

CO^ 

Na,E. 

Ca. 

Vx. 

■      Lak 

62.66 
60.44 
48.28 
46.87 
42.96 
29.52 
28.26 
22.79 
2a  02 
14.38 
4.98 

3.71 

10.88 
9.17 
14.65 
10.59 
17.19 
34.99 
37.12 
42.32 
43.63 
60.14 
61.86 
62.34 
63.82 

"'6.' 22" 

2.16 
2.13 
L56 

.27 
,61 
1.63 
1.12 
LH 

-.os- 

33.33 
37.64 
34  36 
36.47 
37.72 
29.42 
3L75 
32.33 
33.16 
33.35 
30.65 
29.03 
31.20 

0.12 
.01 
.69 

1.18 

.27. 
.30 
.07 
.15 
.05 

""'.es' 

.68 

Laramie  Lakee  (average) 

1.81 

l^  ToL  16,  UBS,  p.  SM. 
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Some  of  these  wateis  have  been  modified  by  human  agency,  which 
utilized  them  as  sources  of  salt.  They  form,  neTertheless,  a  natural 
series,  in  which  the  alkaline  radidee  are  nearly  constant  in  propor" 
tion,  while  the  chlorides  and  sulphates  vary  reciprocally.  Lake  De 
Smet,  a  sulphate  water  from  which  chlorides  are  nearly  absent, 
mi^t  be  placed  at  the  end  of  this  series  were  it  not  for  the  small 
propori^ion  of  carbonates  that  it  contains. 

A  slighUy  different  composition  is  represented  by  a  sul^pvup  of 
sulphato-cldoride  waters,  as  shown  by  the  analyses  of  the  Caspian, 
the  Sea  of  Aral,  and  two  smaller  lakes. 


Cl.Bc. 

80,. 

00,. 

N..K. 

c. 

at- 

45.16 
41.96 
38.00 
35.43 

20.23 
23.88 
27.39 
30.96 

"'6.' 65' 
.98 

.85 

28.27 
25.16 
23.61 
2a  18 

■2'44' 
5.28 
4.02 

Seaof  Anl  .     . 

Here  we  have  a  dilution  of  oceanic  water  by  sulphate-bearing  tribu- 
taries, with  a  falling  off  of  the  alkaline  metals  and  an  increase  in 
calcium  and  magnesium.  The  bitterns  derived  from  these  waters 
differ  from  the  normal  bitterns  in  respect  to  their  proportion  of  sul- 
phates, but  otherwise  they  represent  the  same  order  of  changes.  I 
include  with  them  the  Sdiunett  Lake  of  Siberia,  which  has  analo- 
gous composition,  and  also  the  Issyk-Kul. 


Prindpal  taiuHtumU 

Cl.Br. 

80^ 

CO^ 

N»,K. 

Cft. 

H«. 

Kaiaboghaa  Gulf  (Rverige) 

51.86 
48.12 
38.  S9 
15.67 

16.48 
2L25 
32.19 
66.94 

0.07 

""'.zi' 

1.26 

18.33 
18.70 
16.45 
13.61 

0.28 
.01 
.44 
.U 

11.46 

12.50 

The  water  of  Lake  Chichen-Kanab  in  Yucatan  is  also  a  sulphato- 
chloride  water,  but  it  stuids  alone  as  the  only  known  member  of  a 
distinct  subgroup.    Its  dominant  kation  is  calcium. 

The  alkaline  lakes  that  contain  notable  quantities  of  carbonates 
ore  less  easy  to  classify  than  the  forgoing  wateis,  and  yet  some 
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analogies  are  clear.     First,  we  have  a  number  of  analyses  in  whidi 
the  carbonatee  are  largely  in  excess  of  all  other  soltB,  aa  follovs: 


a.  Br. 

BO,. 

COv 

N»,K. 

C&. 

><(. 

0.87 
3.88 
4.55 
4.99 
7.«4 
7.68 
16,68 

2.43 
2.87 
7.64 
2.97 
7.08 
13.24 
2.92 

47.48 
51.56 
44.63 
50.97 
41.41 
37,79 
41.02 

16.36 
19.86 
28.75 
27.05 
42.82 
41.08 
35.76 

1L07 
8.41 
6.68 
9.90 
.02 

HalheurLake  

413 

.66 

In  the  next  group  of  waters  carbonatee  and  chlorides  predomi- 
nate, with  sulphates  in  subordinate  quantity. 

Prineipal  eonttituent*  qf  earbonaU-dihride  viaten. 


Bluejoint  L&ke 

Summer  Lake 

Natron  Lake 

Hamey  Lake  (average). 

Humboldt  Lake 

BorsxL&ke 

AbertLake  (average).., 

Lonar  Lake 

Pyramid  Lake 

Salt  Lake  near  Pretoiut. 
Wirmemucca  Lake 


32.00 
22.82 
21.57 
22.47 
20.73 
17.63 
14.28 
15.17 


39.06 
41.07 
31.05 
39.31 
36.51 
39.62 
40.62 
39.71 
36.96 
4L33 
38.62 


0.57 
Trace. 
3.67 


Borax  Lake,  which  also  contfuns  6.06  per  cent  of  B^O^  in  its  saline 
residue,  might  well  be  put  in  a  class  by  itself;  but  extrone  subdivlsioii 
is  not  now  desirable. 

Two  of  the  waters  are  conveniently  classed  as  sulphato-carbonatcs, 
as  follows: 

Prineipal  amttitvttUi  of  nilphato-carhrmaU  watert. 


a,  Br. 

80(. 

COfc 

K.,X. 

c*. 

Mg. 

2.96 
7.97 

2L12 
22.09 

36.76 
30.87 

37.12 
32.83 

0.23 
2.27 

1.82 

In  the  following  waters,  whidt  are  of  the  "triple"  type,  chlorides, 
sulphates,  and  carbonates  are  all  present  in  notable  quantities: 
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Frindpal  eotutituenli  of  "triple"  vmtert. 


ca,Bt. 

80. 

COf 

N»,K. 

Ca. 

Iff. 

Wilmington  L(ie 

10.78 
13.28 
11.18 
25.30 

16.62 
16.44 
16.66 
9.92 
12.88 
11.96 
20.77 
22.56 
21.29 
10.42 
12.33 

32.75 
30.22 
20.33 
23.  B9 
23.42 
20.71 
18.55 
19.22 
17.34 
14.83 
10.42 

39.86 
39.60 
41.06 
39.88 
39.78 
38.84 
38.21 
38.20 
34  83 
36.00 
40.56 

Trace. 

■  aoa" 

.04 

.20 
.90 

20.26 
19.07 
23.77 
36.95 
36.67 

Finally  there  are  three  waters  which  might  be  classed  with  the  buI- 
phato-chlorides,  were  it  uot  for  their  moderately  alkaline  character. 

Prindpal  amaituenU  of  vxUer  <ff  Late  Siljo,  Deiiih  Late,  and  Koko-Nor. 


01,  Br. 

80k 

CO,. 

Ns,K. 

Cb. 

Mg. 

9.91 
10.45 
40.09 

62.33 
64.07 

17.64 

6.22 
4.24 

5.55 

22.70 
26.88 
31.72 

0.43 

Tnce. 

1.77 

Devil«L»ke 

6.36 

In  general,  as  was  pointed  out  in  discussing  the  Lahontan  waters, 
alkaline  lakes  are  representative  of  volcanic  regions,  while  saline 
lakes  are  associated  with  sedimentary  deposita.  That  is,  from  a 
chemical  point  of  view  the  alkaline  waters  are  the  newest,  and  exhibit 
the  nearest  relationship  to  rivers  and  springs.  By  the  weathering 
of  rocks  carbonates  are  firet  formed,  as  is  seen  in  most  rivers  near 
their  sources,-  Under  favorable  conditions  these  salts  accumulate 
and  they  are  transformed  into  or  replaced  by  other  compounds  only 
after  a  long  and  slow  series  of  chemical  reactions.  In  recently 
formed  bodies  of  water,  derived  from  igneous  rooks,  carbonates  are 
abundant;  but  as  salinity  or  concentration  increases,  the  slightly 
soluble  calcium  carbonate  is  thrown  down,  leaving  sulphates  and 
chlorides  in  solution.  If  more  calcium  is  available,  gypsum  is  pre- 
cipitated, and  the  final  result  is  a  water  containing  little  except 
chlorides,  l^e  carbonate  waters  form  the  beginning,  the  chloride 
waters  the  end  of  the  series.  When  calcium  is  deficient  in  quantity, 
then  mixed  waters  are  produced,  in  which  alkaline  sulphates,  car- 
bonates, and  chlorides  may  coexist  in  almost  any  relative  propor- 
tions. Waters  of  mixed  type  may  also  be  formed  by  the  blending  of 
supplies  from  different  sources,  and  the  contributions  of  two  tribu- 
taries may  be  very  unlike.    The  fresh  decomposition  products  from 
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a  volcanic  rock  and  the'leachings  of  sedimentary  beds  are  widely 
dissimilar  J  but  the  chemical  changes  consequent  upon  their  commin- 
gling will  follow  the  order  just  laid  down.  This  order  can  not  be 
stated  in  quantitative  terms,  for  the  conditions  of  equihbrium  in 
complex  mixtures  are  not  definitely  known.  The  solubility  of  a  salt 
in  pure  water  k  one  thing;  its  solubility  in  the  presence  of  other 
compounds  is  somethiiig  quite  different;  and  when  the  number  of 
possible  substances  is  great  the  problem  becomes  hopelessly  com- 
phcabed.  Each  substance  influences  every  other  substance,  in  a 
manner  which  depends  partly  upon  temperature  and  partly  upon 
concentiation,  and  no  known  equations  can  cover  the  whole  field. 

QuaUtativelyj  however,  the  conditions  governing  the  deposition 
of  salts  can  be  simply  and  intelligibly  stated.  Suppose  we  consider 
a  solution  so  dilute  that  it  contuns  ions  capable  of  forming  the  chlo- 
rides, sulphates,  and  carbonates  of  sodium,  calcium,  and  magnesium, 
which  are  the  chief  salts  derivable  from  natural  waters.  Upoa  coa- 
centration,  the  difficultly  soluble  carbonates  of  calcitun  and  magne- 
sium will  be  precipitated  first,  to  be  followed  by  the  slightly  soluble 
gypsum.  Next  in  order  sodium  sulphate  and  carbonate  will  form, 
and  theee  salts  are  deposited  by  many  saline  or  alkaline  waters. 
Later,  sodium  chloride  and  magnesium  sulphate  may  crystallize  out, 
leaving  at  last  a  bittern  containing  the  very  soluble  chlorides  of  cal- 
ciimi  and  magnesium.  This  is  the  observed  order  of  concentration, 
but  every  step  is  not  necessarily  taken  in  every  instance.  All  of  the 
calciimi  may  be  eliminated  as  carbonate,  leaving  none  for  the  format- 
tion  of  other  salts.  All  of  the  sulphuric  ions  may  be  taken  to  produce 
gypsum,  and  then  no  sodium  sulphate  can  form.  In  short,  the  actual 
changes  which  take  place  during  tiie  concentration  of  a  specified  water 
depend  on  the  proportions  of  its  constituents,  and  vary  from  case  to 
case.  The  proposed  order  of  deposition  is  simply  the  general  order, 
which  conforms  to  the  facte  of  observation  and  to  the  known  solubil- 
ities of  the  several  salts.  The  least  soluble  possible  salt  will  form 
first ;  the  most  soluble  will  remain  longest  in  solution.  The  fonnation 
of  double  salts  will  be  considered  in  another  chapter. 
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MINERAL  WELLS  AND  SPRINGS. 
DEFINITION. 

Between  tiie  so-called  "mluera)  waters"  and  waters  of  ordinary 
character  no  sharp  line  of  demarcation  can  be  drawn.  In  fact,  some 
of  the  springs  having  the  greatest  commercial  importance  yield 
waters  of  exceptionally  low  mineral  content  and  owe  their  value  to 
their  remarkable  purity.  They  are  simply  potable  waters  carrying  a 
rninipniTn  of  foreign  matter  in  solution.  Other  springs,  on  the  con- 
trary, are  characterized  by  excessive  salinity,  and  between  the  two 
extremes  nearly  every  intermediate  condition  may  be  observed. 

In  the  chapter  on  lakes  and  rivers  a  number  of  springs  were  con- 
udered  which  represent  the  ordinary  or  common  type  of  water  sup- 
ply. Rain  water,  dialled  with  carbonic  acid,  percolates  through 
the  soil  or  through  relatively  thin  layers  of  rock  and  emei^es  with  a 
moderate  load  of  dissolved  impimties.  Upon  evaporation  such 
waters  give  a  residue  consisting  most  commonly  of  calcium  carbonate, 
caHum  sulphate,  or  silica,  with  nunor  amounta  of  alkaline  chlorides, 
and,  blending  with  riun  or  seepage  waters,  they  form  the  beginnings 
of  streams.  Sometimes  sulphates  predominate,  sometimes  carbon- 
ates, but  chlorides  are  present  much  less  conspicuously.  Calcium  is 
the  dominating  metal,  and  sodium  occupies,  as  a  rule,  a  subordinate 
place.  To  the  vast  majority  of  spring  waters  these  statements  apply^ 
but  here  and  there  exceptions  are  encountered  which,  by  their  peculiar 
characters,  attract  attention  and  are  known  as  "mineral"  wells  or 
springs.  Speaking  broadly,  all  springs  are  mineral  springs,  for  all 
contain  mineral  impurities;  but  in  a  popular  sense  the  term  ia 
restricted  to  waters  of  abnormal  or  imusual  composition.  A  mineral 
water,  then,  is  merely  a  water  which  differs,  either  in  composition  or 
in  concentration,  from  the  common  potable  varieties.  The  term  is 
loose  and  indefinite,  but  it  has  a  certain  convenience,  and  we  may  use 
it  without  danger  of  being  led  astray. 

To  put  the  case  differently,  a  mineral  spring  may  be  described 
as  one  which  owes  its  character  to  local  as  distinguished  from  wide- 
spread or  general  conditions;  and  the  peculiarities  thus  acquired 
may  result  from  a  great  variety  of  causes.  One  water,  rising  from 
beds  of  salt,  is  charged  with  sodium  chloride;  another  represents  the 
solution  of  gypsum;  a  third  may  carry  substances  derived  from  the 
sulphides  of  metaUiferous  veins,  and  so  on  indefinitely.    Any  soluble 
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matter  existing  in  the  cruBt  of  the  earth  may  find  its  way  into  the 
waters  of  a  spring  and  give  to  the  latter  some  distinguishmg  peculiar- 
ity. Even  in  their  gaseous  contents  spring  waters  differ  widely. 
Some  are  heavily  chaiged  with  carbonic  acid  and  effervesce  upon 
reaching  the  air,  and  others  contain  hydr<^en  sulphide  in  sufficient 
quantities  to  he  recognized  by  the  smell.  Some  waters  are  stron^y 
acid,  some  alkaline,  and  some  neutral;  waters  emerging  from  beds 
of  pyritiferous  shale  are  often  rendered  astringent  by  salts  of  alumi- 
num or  iron;  one  spring  is  boihng  hot  while  its  neighbors  are  ice 
cold;  in  short,  every  difference  of  origin  may  be  reflected  in  some 
peculiarity  of  composition  or  character.  In  recent  years  many  min- 
eral springs  have  been  found  to  contain  appreciable  quantitses  of 
argon,  helium,  and  the  other  inert  gases,  a  fact  which  bears  upon  the 
radioacUvity  exhibited  by  natural  waters.  For  example,  G.  Maasol,' 
in  the  gas  from  the  thermal  spring  of  linage,  France,  fotmd  0.932 
per  cent  of  helium,  together  with  krypton  and  xenon.  Argon  'was 
detected  in  the  hot  spriims  of  Bath,  England,  shortly  after  the  ele- 
ment was  discovered.'  In  the  boric  acid  soffioni  of  Tuscany,  helium 
and  argon  were  found  by  R.  Nasini,  F.  Anderlini,  and  R.  Salvadori.' 
Many  French  springs  have  been  studied,  with  similar  results,  by 
C.  Moureu  and  R.  Biquard.*  These  minor  characteristics  of  natural 
waters  can  not  be  dwelt  upon  more  fuUy  here. 

CIiA.S  8IFICATION. 

The  classification  of  waters  can  be  based  on  a  variety  of  copsidera- 
tions.  It  may  be  geologic,  correlating  the  springs  with  their  geologic 
ori^,  or  as  ancient  or  modem,  or  by  dividing  them  into  classes 
according  to  their  derivation  from  run  water  or  from  sources  deep 
within  the  earth;  it  may  be  physical,  drawing  a  chief  distinction 
between  cold  and  thermal  springs;  or  chemical,  in  which  case  differ- 
ences of  composition  determine  the  place  which  each  water  shall 
occupy.  To  a  great  extent  the  three  systems  of  classification  over- 
lap, and  each  one  depends  more  or  less  on  the  others;  but  for  the 
purposes  of  this  memoir,  which  deals  with  chemical  ph^iomena, 
the  chemical  method  is  obviously  the  most  appropriate.  The  other 
considerations  must,  of  course,  be  taken  into  account;  but  chemical 
composition  is,  for  us,  the  determining  factor.  From  this  point  of 
view  the  classification  of  springs  is  comparatively  simple  and  follows 
the  lines  laid  down  in  the  preceding  chapters.  Waters  are  classed 
according  to  their  n^ative  radicles,  as  chloride,  sulphate,  carbonate, 

>  Compt.  H«Dd.,  Tol.  Ul,  1910,  p.  IIM. 

■  B«e  BsyW^  and  Bauuftr,  ZeltBOhr.  phys,  Cbemle,  vol.  IS,  1895,  p.  3fl2.  Also  RaylelEli,  Fine  Ray. 
SoG.,vol.Se,lS««,p.l9e. 

I  Qui.  ohlm.  ftiL,  vd.  38,  UW,  p.  SI. 

'  Compt.  Rend.,  v<d.  143, 1900,  p.  T9E;  vol.  146,  IMS,  p.  43fi.  See  also  Uoureu,  Idam,  voL  142,  ISOt,p.  lUt^ 
and  In  Heviu  sd.,  1014,  p.  U,  lOr  b  thonxigh  rerlew  ot  tbe  wtiole  subject. 
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or  acid  waters,  with  Tarions  mixed  types  and  occasional  examplea  in 
which  unusual  combinations,  euch  as  nitrates,  borates,  sulphides,  or 
silicates,  appear.  The  classification,  however,  can  not  bo  rigid,  and 
to  a  great  extent  convenience  must  govern  and  modify  the  usual 
rules.  Mixtures  such  as  we  have  now  to  consider  can  not  be  arranged 
according  to  any  hard-and-fast  system,  but  must  be  dealt  with  some- 
what loosely.  Tho  general  relationships  are  simple  and  evident,  but 
the  exceptional  cases  are  coimnon  enough  to  modify  any  formal 
scheme  of  arrang«anent  that  might  be  adopted. 

caiiORIDH  WATBRS. 

The  literature  relating  to  mineral  springs  is  extremely  volumi- 
nous, and  tiie  recorded  analyses  are  numbered  by  thoiisands.  From 
such  a  mass  of  material  only  typical  or  striking  examples  can  be  util- 
ized here  in  order  to  show  the  variations  in  composition  which  have 
been  observed.  As  the  chloride  waters  form  perhaps  the  most  con- 
spicuous group,  we  may  properly  begin  with  them,  and  consider  first 
the  solutions  which  upon  evaporation  yield  principally  sodium  chlo- 
ride. Waters  of  this  class  are  very  common,  and  range  from  potable 
springs  to  brines  resembling  sea  water  in  saline  composition.  From 
such  brines  common  salt  is  commercially  obtained,  and  the  sub- 
joined table  gives  analyses  of  several  imfwrtant  examples.'  The 
figures  represent  the  composition  of  the  anhydrous  saline  matt^  con- 
tained by  the  several  waters,  each  analysia  being  reduced  from  the 
original  form  of  statement  to  pwcentages  of  ioos. 

1  Id  Ann.  B«pt.  a«(d.  Borrar  Canada,  ToL  IS,  lHB-3,  p.  na  B,  0.  C.  Hoflman  ^TM 11  uBlfMB  of  biiiiM 
from  ManllDltt.  AbrIiiafroma«dll,B3DI«tdHp,atS&iidBcBeh,lUclilgui,uialTudb;B.  P.  DuOMd 
(GeoL  Swvay  Mloh^a,  ml.  S,  pt.  3,  ING,  p.  SI),  k  luumiall;  ricb  In  bniobw.  J.  W.  ToiraitlDS,  U.  S. 
IMpt.  Aple.,  Bar.  BoOa  BolL  No.  M,  1014,  ^tm  many  analfMB  at  Amvloan  brlUM  and  blnanu,  for  tlM 
brtiHB  of  SOra  Paak  Mmb,  Nirada,  an  B.  B.  Dola,  U.  B.  OeoL  EUirra;  BuU.  Mo.  S30,  pp.  S31-3U,  tUS. 
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Analyiet  of  natural  brina. 


A.  Brina  trom  Byraen— ,  Neir  York.  ATtrteodonrmilywibrC.  A.  Gowgmmn.iaiMMwdhi 
8^l<maliiilnenlo(y,Slli>d.,p.  IM. 

B.  Brtu  from  Wmbv,  Naw  York.  AnalTih  b;  r.  £.  Eugilhanlt,  BnU.  If  nr  York  Ststa  If  as. 
USB,  p.  3S.    lluiy  othar  tiulysn  itn  kItcd  In  this  pgbUntloD. 

G.  Brtnt  from  Eut  SBclmiw,  lUohJ|ui.  WaU  SM  last  daep.  Amlr^  by  Ogawnami,  Q«oL 
ICidlJKim,vo).3,lKT3-IBTa,p.ia. 

D.  Briua  from  Fomao;,  Ohio.  AoaljPik  b;  C.  W.  Tonlk,  Bull.  Ohio  Qsol.  Surrey  No.  a,  IMI 
Tha  Inoa  ol  lodfa*  nptcwnts  O.OM  cnnuna  Nal  p«r  UUr. 

E,  Humboldt  salt  wdl,  UlniKaots.    AnalysJi  by  C.  7.  BMaiHr,  Add.  Bapt.  Qtol.  SorTay 
*gl.  13,  ISM,  p.  101. 

P.  Brine  from  HuKliliiw>n,Eaiuu.  Amlyilaby  E.  H.  8.  Bollay  and  E.  C.  C*M,  Unt7.  KJaiai 
eniTay,  -nd.  7,  WW,  p.  7B. 

a,  ArtMiaii«dl,AbDaDa,Kai]«i.  Analyikby  S.H,  8.  Bafley  sod  P.  B.Portcr,  Vnjr.  Eanai 
S>imy,Tal.T,lSl»,p.iaO.   WaU  1,X0  feet  deep. 

H.  Bryan's  wall,  BlsUnesa,  LoubluB.  Analyilg  by  IC.  Bird,  Raport  on  ganlaET  »'  Lonlslsna, 
p.U.   HUiyaUuraiialyHBofsalliHaanf[lv«D  Intbls  vulome.   Tlu t»lDts ara ol Cietaceaui origbi 
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Trace. 

Salinity,  percent.... 

100.00 
IS.  84 

100.00 
26.34 

100.00 
20.24 

100,00 

10.52 

100.00 
5.72 

100.00 
29.31 

100.00 
17.89 

100.00 
8.93 

Most  if  not  all  of  tike  forgoing  brines  were  formed  by  solution 
from  beds  of  rock  salt.  The  latter  undoubtedly  originated  from  the 
eTaporation  of  salt  lakes  or  sea  water,  and  in  geological  agia  they 
range  from  the  Cretaceous  down  to  the  upper  Silurian.  The  Nevr 
York  brines  are  from  Silurian  deposits.  The  Humboldt  well  is 
nearest  to  ocean  water  in  composition,  although  it  is  nearly  twice  as 
concentrated.  In  general,  the  proportion  of  sodium  chloride  is 
greater  than  in  sea  salts,  for  the  reason  that  that  compound  redis- 
solves  more  readily  than  tiie  gypsum  which  was  deposited  with  it. 
The  process  of  deposition  and  re-solution  thus  tends  to  separate  the 
constituents  of  the  original  water;  and  so  the  composition  of  tiie 
ancient  lake  or  ocean  is  not  exactly  reproduced. 

llie  following  analyses  also  represent  the  salts  from  diloride  waters 
in  which  sodium  is  largely  the  predominant  base: 

,  li.ed  by  Google 
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i.  Qwi.  Bamr  No.  333,  IW, 


U.aa 

B^  TIpp«r  BhiB  Uefc  BpftH,  Kwlonty.    Anslrito  b;  J.  F.  Judge  ac 
P.11L   AlsorMitDH^iiidCOt.   InpnaenCberab^Xaii  ' 
FViOi.     Fcr  IsUr  tiMilyMa  ol  th*  Bkw  Link  tprtata,  by  R.  ind  A 
mfeHnl  mUn  m  KaKnuk;,  w*  ChM»  P*lnHr,  Watar-flopply  Pftpv  I'.  ^ 
pp-lH-ns. 

C.  Honlouio  SpitWt  lUnmrl.   Analrds  by  F.  S«flnralt«r,  Osol.  Bamj  Uaourl,  vol.  3,  UM,  p.  n. 
■iMtlyMa  ol  Ubaoorl  mliurol  wkUn. 
tL.HlMOurL    Depth  t^iat  iMt    Analriliby  Behw*ltHr,Dp.  elt,  p.  97. 

B.  tttah.  BM  Bpringa,  8  laDai  nnUi  ol  Ogdai,  Clali.  Temptntun  U'  C.  Analfita  by  F.  W.  Cluka. 
Bun.  U.  8.  a«oL  SnrraT  Na  *,  U84,  p.  30. 

F.  BpilDg  «t  P«liD«,  New  ZcalKid.  AntlysiB  by  W.  Aey,  Tna.  Nvr  Zealand  Inat.,  toL  10, 1S7T,  p. 
433.  TbltqitlDgii  notable  from  Qw  bat  Uttt  It  ocDtabw  free  kdftis.  Aaa>xiUictoJ.A.W«iiUyii(ClMO. 
Nave,  ToL  U,  188a,  p.  300)  tbe  mtw  of  WoodtauU  Spa,  near  Ltaooto,  £ii(lBiid,  lai  tbe  game  peoolkrlty. 
Ttie  lodlDe  colon  tbe  water  brown  aod  oan  be  eztnotad  by  oarbcD  bisulphide. 

In  snalytee  O  and  F  the  bicsrbaiate*  of  tbe  orl|lD«l  etetemait  have  been  rsdueed  to  aannal  ntle. 
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Analj/ta  o/Moride  waten — /—Continued. 


n  TTilw  ijrulBMiiuliiiii.  TUlj  AnalTBlibjK-KaihiiaiidF.  Aiidalliil,OaB.diJa.tti 
t,U00,30t.  Ci>llilnglal,OaDKramiO.OOtm|TMilfnaiida(n7ninmB,Oi.  TlMM m iNi u 
ontaftbatoWialMi. 

itaomudibnCOh 
I.  Tlu 

,  voL  SO,  1897,  p.  XI.    Thli 
I   gmn  AiOi  to  Uw : 

at  Jounial,  ToL  4a,  18M,  pp.  21,  D. 
J.  WBta  of  Am-FoIlKn,  Hnngwy.   AMijFali  by  W. 
IS,  laSS-ag, p. 443.    OronkimMtar,abaita.Up«aMit,Ii 
E.  Old  ■ulp)uir  weU,  Hurogata,  Encland.   AstlrsbbyT.  E.  Thonw.  Jour.  Cbmn. 

L.  ClikcU*  at  Iron  Bpa,  HvTti|*te.    Anal^  by  O.  E.  BoUuihIb;,  Joot.  Cham.  ~ 
DOS.    TlttaiiUHitlicr,liivol.t3,Ug9,p.t8t,flvMUi*lyMSolwBMnlraaiAAm,' 
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100.00 
14,800 

loaoo 

6,617 

Although  sodium  chloride  is  the  principal  salt  obtainable  from  the 
waters  repreaemted  by  the  preceding  analyses,  they  owe  their  interest 
to  other  things.  They  have  been  selected  from  the  great  mass  of 
published  material  in  order  to  show  the  extent  to  which  substaaoes 
hke  bromine,  iodine,  sulphur,  Uthitun,  barium,  strontium,  and  iron 
occur  in  waters  of  th^  claas.' 

To  these  minor  constituents  the  tb^^peutic  value  of  mineral  waters 
is  commonly  ascribed,  but  to  considerations  of  that  sort  no  attention 
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can  be  paid  here.  The  last  analysiB  given,  that  of  the  Chloride  of 
Iron  Spa  at  Hant^ate,  is  intereating  as  markiiig  a  transition  to 
another  group  of  chloride  waters,  in  which  the  proportion  of  sodium 
is  decreased  and  lai^  quantities  of  calcium  appear.  Sometimee 
magnesium  ia  also  abundant;  for  example,  in  salts  from  the  group 
of  springs  at  Kapouran,  Java,  3.  Meunier*  found  54.2  per  cent  of 
calcium  chloride  and  40.65  per  cent  of  magnesium  chloride.  The 
following  analyses  are  chaj'acterized  by  the  presence  of  calcium  in 
large  proportion :  • 

Anatj/ta  ofdttoriiie  mUat—II. 

A.  Brtnafraoi  vaU3,B(>7f«Mdo^atConiiawiUTm«,  FamHylmila.  JUufytStby  A.  E.  Robbuou  ud 
C.  r.  ICabaiy,  Jaor.  Am.  Cham.  Boc,,  vol.  18,  IBM,  p.  flU.    A  Uttla  H^  lapriHit. 

B.  WallM  Btnranmi'i  mUla,  Whftbj,  Canad*.  AjulftlabjT.SUrrjBimt,atoli]gj  oiCaauaA.Jma, 
if.S47.     iImIjmii  iifuJImi  ■■liiiiiiiiiiuliiiiii  In  [lilii  iiliiiiliili 

C.  WatartnMil«*IllS3lHtd*^i,UutlaallnIilHiil,L*k(BMai.    Analriii  b;  T,  filarrr  Hunt,  Chun- 


I>.  Water  [ram  the  SQiar  Iilat  mine.  Lake  Bopulor.  AaaljtSa  b;  F.  D.  Adams,  Ann.  Rqil.  Gaal. 
a«n*r  £»■<)>>  luv  nr.,  ToL  1, 18K,  p.  17  H. 

B.  WatM'tnDatlM]a«BrtoveIi>IthaQiitac7mlii«,Hunnk,IIJchlpii.  Analyili  b;  O.Stelgar  Intha 
Iabcratai7  of  tha  UoHhI  StaUa  Qtologleal  Surra;. 

F.  WataTtromborliigoii1CuiabCTMk,i]aar  Port  Hum;,  Britlih  Columbia.  Analysis  b;F.  O.  Wall, 
Am.  Bvt.  OaoL  Snrrci;  Canada,  ml.  6,  U,  dsw  sm,,  laWMIl,  p.  13  R. 

O.  BolUni  spring  at  SBm-Sara,  FIJL  AnalyiilB  b;  A.  Uvusldge,  Proc.  Roj.  Soe.  Naw  Smth  Waki, 
tdLM,  l«80,p.  147.    PaitortheahmilDumliithlawsterlarepoiUdasAlClaaiidpartaaAliOt. 

E.  WitM'IiomP*ap)a^NituralOBaWall,8ml]issciathwiitoflDq>aiis],WsAingt4niCam]t;,  PcchstI- 
tbdJo.  Spaclfic  giBTlIy,  1.311.  Dapth  of  well  when  ssmpla  was  taian,  S,300  Faet.  Ausljili  b;  O.  Stelgar 
Id  the  laboiator;  of  the  Borra;. 
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100,00 
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iCoUpt.  RaDd.,VOl.lOS,  uw,p.  uu. 

■  Baaalso  die  analjalaolbrliia  trmn  a  well  at  Afana,  Kldiiffil,  b;  C.  F.  Chandln  and  C.  B.  Pellev,  atol. 
SiirT«rl[ldiIiaii,ToI.E,pt.l,18M,p.4e.  Alsoaieo(waterrrautbaFndaweU,Eaw«aiiBwPolDt,lUohl- 
vn,  br  O.  A.  XiUg,  R^t.  Slata  Board  Oeol.  Sumjr  Hmhl^ii,  IMS,  p,  1«S.  m  tka  daq>wated  witan 
anmnd  Lake  Boparlor  cakhim  chloride  aeema  to  be  an  Inqactant  coDatftiuot.  Tbtae  waters  have  baaa 
oaralDll;  itDdled  bj  A.  G.  Lsiw,  Joor.  CMinlbili  Ufa.  Inat.,  voL  U,  UW,  p.  Ill,  and  Proa.  Lake  enparlor 
lUn.[i>K.,lM8,p.<l3. 
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The  water  represented  by  analysis  H  ia  remarkable  for  its  high  pro- 
portion of  strontium — 3.55  grams  per  kilogram,  equivalent  to  6.8 
grama  of  SiO,  per  liter.  A  trace  of  barium  was  also  detected  in  the 
water. 

The  next  table  contains  analyses  of  watere  belonging  to  ihe  chloride 
group,  but  in  which  notable  quantities  of  other  acid  radicles  are  ako 
present.    The  chlorine,  however,  predominates. 


I.  0.  Paale  Id  BdIL 


Analyua  o/ chloride  waUri — III. 

A.  CoDgraB  Spring,  Suito^  Nnr  York.    AiuI^mIb  by  C.  F.  Chandtor,  clMd  by  . 

IT.  s.  o«oi.  simay  Ko.33,  U8e,pp.  as,  aft. 

B.  Hatbocn  Sprtng,  Santoga,  N«w  York.  AiulyBia  by  Chsudlar,  Inc.  olt.  For  n 
RUhom  Biiil  twelve  othar  Sualogs  W8t«ra,  aw  J.  E.  Haywood  and  B.  H.  Smith,  B 
No.  gi,  U.  B.  Dapt.  Agt.,  IftOt.     For  E  nor*  analyMa  M*  L.  R.  UQCord,  Tour.  Ind.  Bug.  Chem.,  Tol.S, 

1    IBM,  p.  107. 

C.  Franklin  artaalan  well,  BalMon,  New  York.  Asaiyila  by  Chandler,  op.  elt,  p.  33.  Thoa  waltta 
(A,  B,  and  G)  are  all  reported  as  eimtatDlncUavbaDatea,  which  Id  the  prtMot  tabolalko  an  reduced  to 
normal  BOlts.  They  all  aSerreece  beoauae  ol  ttwir  large  oonlsit  In  Craa  COi.  Ilia  FOi  In  A  and  C  amoonla 
to  0.01  gialn  per  giJIon. 

D.  Arttslan  well  at  Louisville,  Kcotocky.  Analyili  by  I.  Lawrawe  Smtth,  citad  by  Peala,  op.  alt, 
p.  115.    BtcarbonaCaa  ladooed  to  normal  salts,    i  Hhinm  ii  r^iorted  as  0.03  grain  per  gaUon. 

£.  Steamboat  Bprbigii,  Nerada.  Analysis  by  W.  H.  Ifelrllle,  gtvBi  by  Q.  F.  Better  In  lion.  V,  S. 
Oeol.  fiuTT<7,  Tol.  13, 1888,  p.  349.  Bloarbenatee  rednoed  to  normal  salts.  The  "trace"  DllnmrqireaeDU 
0.14  part  per  mlllkm.  From  a  geologlcsl  point  ot  view  this  water  la  out  of  lie  proper  daaslOoaliiin.  It  la 
a  volcanlo  watei,  whereas  the  other  waters  In  the  table  are  of  ndlmentaiy  origin. 

F.  Lanadowne  well,  Cheltenham,  England.  Analysis  by  T.  E.  Thorpe  Jour.  Chem.  Soe.,  vol.  65, 
UM,p.7n.   Tbe"tiBce"ariHom]nelB0.3part  and  that  ofironO.lpsrtpeimllUan. 

a.  The  atsnUlawaqualle,  near  Karlsdorl,  Qallcla.  Analysts  by  Von  Dunln-Waaowlm  and  7.  Borowlti, 
Chem.  Cautndbt.,  ISVa,  pt.  3,  p.  49l.  Blcarbonatea  reduced  to  Domal  salts.  The  NOi  amoonts  to  o.oi 
part  per  miUloa.    One  kllogiam  ol  this  water  oontalna  2.IG7233  grama  of  tree  CO|  and  0.10W5  gram  ol 
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SUIfHATE  WATBRS. 


The  sulphate  waters,  or  the  waters  in  which  SO^  is  the  principal 
negative  ion,  fall,  like  the  chloride  waters,  into  several  groups,  which 
shade  one  into  another  bj  imperceptible  gradations.  Among  potable 
waters  of  this  class,  those  which  upon  evaporation  yield  chiefly  cal- 
dimi  sulphate  are  by  far  the  most  common.  Many  examples  of  such 
waters  were  cited  among  the  analyses  of  rivers.  As  a  rule,  on  account 
of  the  slight  solubihty  of  gypsum,  their  salinity  is  relatively  low. 
Waters  of  this  type  are  frequently  found  in  so-caUed  mineral  springs. 
Other  waters  of  medicinal  signiBcance  are  essentially  solutions  of 
m^nesium  sulphate  or  sodiiun  sulphate;  still  others  contain  sul- 
phates of  aluminum  or  iron,  and  a  small  group  of  waters,  derived 
from  the  oxidation  of  sulphides,  carry  heavy  metals  in  considerable 
quantity.  Examples  of  ^ese  different  classes  are  given  below,  and 
some  sulphate  waters  which  contain  free  acids  will  be  considered  in 
a  special  group  later.  The  following  analyses  are  sufficient  for  pres- 
ent piirposes : 

Analyia  of  mlphaU  vxUera. 


B.  Spring  uai  Daanr,  Calondo.  ijtaijsia  br  L.  G.  EaUni,  Bull.  C  B.  0«aL  Smve;  No.  BO,  isgo, 
p.in.   ContftlnsllOpOTUclftMCOipwmilUcii. 

C.  Cottag«mU,CIi*ltaiib>iii,  Englutd.  Ankljslsby  T.  E.  Tborpe,  Joni.  Chem.  Soc,  voL  U,  ISH,  p.  772. 
Conlaiiu  0.3  put  al  Fe  par  mlllkm. 

D.  BltUrfptiiiEatI.sa,Au»b.  AuIjbIsI);  A.  Euar,  Jabrb.  K.-k.c«ol.R«ldiSBn9Ult,ToLZO,lS70, 
p.  IIS.   CoDtalm  tTM  COi. 

B.  WiUarliam  Gnu;,  H^mtlt,  Fiance.  AnatnlB  published  bf  Braeonnlar,  Ammhs  dca  mlnaa,  SUi  nr., 
TOL  7, 1889,  p.  113.  Froma  v«ll  14  matan  deep  In  an  old  gn"um  quairy.  Tb*  SsnirsB  an^pd  Uw  waU 
are  lined  irtth  fltiTnu  spsomlta. 

F.  St.  lAraniqnalla,  Lauk,  Swltteiland.    AnalTsEi  by  O.  Long*  and  B.  £.  Sdunldt,  Zellai^.  an^ 
Cbamls.ml.as,  lSSS,p.30«.    C(mUIaia.0eputlJ,(U»putNH<,OXI6put  Fe,Hid0.11  putlbipermU-    I 
lion— jn  Mcfa  can  Ian  Iban  D.OI  pel  cent  of  tlia  total  BDlldi. 
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THE  DATA  OF  OBOCHEBOSTBT. 
Analyut  ofnipltaU  teaUn — Continued. 

l,Bamlft.    An*lT*lBbrE.Ludw)|,HliLpM.Ult(.,niLll,US>-«0,p.n3;l^ 
pvMntairrMH^OilusbMalMrakddedtotlMneureforthgfiOindlde.   AllttleoifanlontttUrOl^ 
pvts  p«r  mmbBi)  Is  klM  pwntl.   Od  p.  308  of tlia  nma  Ttduma  Lodwlg  givn  id  ■mljsli  of. 
ridti  In  alomlnani  MlptuM  fiom  BOdOs,  TnmrtnnU.   Otbtr  papwi  In  tha  nluma  (Iva 
lmtM(taiituialyMioriprli]pinB<BiibnidTnnsrtnnk.   Soma  mwn  coBtdDlng 
■trontlmn  are  DUDtloncd  In  Bapt.  Slata  Board  Oaol.  Survey  UlAlgan,  IBM,  p.  Hi. 

H.  AliUnweU,Vai9>IUai,l[laaiirl.  AnaljsIsbjP.SetainltiariOKil.SurvayMlasDiiil,  i 

I.  WaUrfrom  Boiuagno,  louthem  T;rot.  Analrila  by  If.  QOatt  and  W.  EalmBnn,  Bar.  Dnitnh. 
dHai.0uelL,T0l.21,lg8S,p.2S79.  For  a  later  analysla  ol Soneegno  wntar Me  R.  Naslnl,  U.  Q.  Lavl,  and 
F.  Agsno,  Oau.  dilm.  <tal.,  vol.  3S(£),  lOOg,  p.  tSI.    Tbay  cits  anothsr  analTsla  by  P.  Spka. 

I,  Aisanlcal  spring,  S.Onola.aoutlisniTyTot.  Ansljilaby  C.  F.  £li±laJtar,  Jahib.  K.-k.  g«oL  IMcte- 
autolt,  vol.  67, 1KI7,  p.  Sia.    The  trace  of  N 1  is  0.003  pw  rent. 

E.  BprtiigonSbaa]Creak,ltml1«ir«toIJopIln,lflssoiul.  Analysfs by  W.  ?. EHkbnmd,  BnlL U. B. 
GeoLBarreyNo.  113,  lB«3,p.  49.  Tots]  CO|,  free  and  combttiBd,  ISO  J  parti  per  million.  Abaceoriead 
b aba  reported.  Tbe  vatar  ol  Bprtng  River,  la  nstain  Eaims,  ubo  tontalns  line,  derived  Irom  the  dnln- 
Msor  adJannC  mliHS.    Sea  E.  H.8.  BaUer,  U.  B.  Oeol.  Surray  Woter-Sapply  Papers  Nol.  273, 3U,  IBll. 
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The  Roncogno  and  S.  Orsola  waters  evidently  derive  tiieir  saline 
constituents  from  metallic  sulphides,  apparently  in  great  part  from 
arsenical  pyrites.  Ai^euical  waters  are  not  imconunon,  and  some  of 
them  contun  enough  arsenic  to  be  poisonous.  The  water  from  Shoal 
Creek  represents  the  oxidation  of  zinc  blende,  together  with  some 
reaction  upon  the  adjacent  limestones,  from  which  its  calcium  and 
carbonic  ions  were  obtained.  It  is  essentially  the  same  tiling  as  a 
nune  water,  although  it  is  not  derived  from  any  artificial  opening. 
For  comparison,  throe  analyses  of  mine  waters,  carried  out  in  the 
laboratory  of  the  Geological  Survey,  are  appended.  Two  of  them  are 
zinc  waters;  the  thiird  is  a  strong  solution  of  copper  sulphate.  Such 
waters  play  an  important  part  in  the  leaching  and  reprecipitation  of 
ores  and  will  be  more  fully  considered  later.  ,  ~  r 
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Anafytet  of  mine  viaten.^ 

i,  B.  Tvo  mfae  mten  Iram  the  Ubsoorl  ilaii  ngkm,  knalyied  b;  B.  N.  Stokw.  Two  similar  w*Un 
fanm  thflssnunskm  wnreuulTudlir  C.  P.  nilUung,  Ani.CbeiDlit,Td,  7, 1877,p.2M. 

C.  WfttK  from  the  UountaM  View  mine,  ButM,  Montana.  Analyds  by  W.  F.  HOletnuii].  epadflo 
psTtV,  1.1317  at  15°  C.    CoottJns,  topHtspar  mUUoa,  3£  Nl,  4.6  Co,  S.8  E,  and  l.S  FOi. 
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Two  other  examples  of  intermediate  waters,  containjng  both  sul- 
phates and  chlorides,  but  with  the  former  in  excess,  maj  be  cited 
here.     Both  are  from  Indiana,  and  the  analyses  are  by  W.  A'.  Noyes. 

AruUyiu  of  lulphato-cMoride  waten. 

laUu.    Twanty-slxthAiut.  Itept.  IndhnaDeplOaologT,  1901,p.  32. 

.[,Un,Nl,Zn,  Br,FOi,andB.Oi.    TfabvolDmeorabdjUHielsbanto 
icpnt  apoD  the  mineral  mUen  of  Indtena,  in  wbloh  manr  oilier  eiialyMS  aie  diad. 

B.  Wect  Baden  Bprtng.  Op.  clt.,p.  IW.  ConUbis  bana  of  Al,  Fa,  Ba,  Sr,  LI,  Br,  I,  POt,  and  B^t. 
Abo  32 Jl  parts  o[  H^  pat  million  of  water. 
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1  Fo;  other  an^THB  oC  mJoe  vateca  ssB  Chapter  XV  ol  thlg  memoir. 
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CARBONATE   WATERS. 

The  carbonate  waters,  those  in  which  CO,  or  HCO,  is  the  principal 
negative  ion,  fall  into  two  main  subdivisions,  calcium  being  the  im- 
portant base  in  one  and  sodium  in  the  other.  A  large  number  of 
lake  and  river  waters,  as  we  have  already  seen,  belong  to  the  first  of 
these  groups,  and  so  do  manj  springs  of  the  usual  potable  type; 
waters  of  the  second  group,  however,  are  not  uncommon.  In  most  of 
these  waters  the  carbonic  acid  present  is  sufficient  to  form  bicarbon- 
ates — a  condition  which  renders  it  possible  for  calcium,  magnesium, 
and  iron  to  remain  in  solution.  Upon  evaporation  of  such  waters, 
CaCO,  and  MgCO,  are  deposited,  while  the  ferrous  bicarbonate  is 
broken  up,  and  insoluble  Fe,0„  or  some  corresponding  hydroxide,  is 
formed  by  oxidation.  The  anhydrous  residue  in  such  cases  contains 
DO  bicarbonates,  but  the  latter  may  exist  when  sodium  is  predomi- 
nant. The  salt  NaHCO,  is  moderately  stable.  On  account  of  these 
peculiarities,  which  characterize  the  carbonate  watera,  it  seems  best 
to  state  their  analyses  in  two  ways — one  with  bicarbonate  ions  (when 
they  are  given)  in  terms  of  parts  per  million,  the  other  in  percentages 
of  anhydrous  residue,  as  in  all  the  preceding  tables.  Each  form  of 
statement  has  its  advantages,  but  the  second  method  gives  the  best 
comparison  between  different  waters.  The  following  analyses  repre- 
sent waters  of  the  carbonate  type;* 
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AncUyiei  ofaarbonaie  walm. 

A.  UcClelluid  wan,  Cbib  County,  lUncnirl.    Aiuljib  by  P.  Sdiweltiar,  Oeol.  SmvB;  Ubnnri,  v<d.  S, 

ins,  p.  isi. 

B.  ArtiiBluiinln,LaIimta,Ca(ando.  WeUSSefwt  deep.  AnalTSbb;  W.r.HmBtmDd  tn  Ihelabo 
nterj  of  tba  TTnlted  StBtea  OoologkBl  Survgy. 

C.  Ojo  Callenta,  hest  Taoa,  New  Ueiloo.  Analysis  by  HDlBtmiid,  Bull.  U,  8.  Qtol.  Survey  No.  113, 
18B3,  p.  114,  Traces  of  As,  NOi,  Be,  NHi,  end  piMaibly  I,  ira«  iDimd.  for  the  gnilogie  relittau  of  Ojo 
Cellentasee  W.  Ltodgren,  E«m.  Owdogy,  Tol.  S,  1910,  p.  22. 

D.  The  GrandfrOrflle,  Vichy,  France.  AnJyala  by  J.  BooqnBl,  Amales  chftn.  phys,,  3d  Mr.,  td.  O, 
ISS4,  p.  SOL    AnalySK  of  other  Vichy  waters  end  their  sedlDients  ere  gtren  fa  thb  msmitlr. 

E.  Spring  *t  Hlkutalo,  Purlrl,  dbtrkl  ol  Auokland,  New  Zeabnd.  AoBlysls  by  W,  Skey,  Tnni.  New 
Zealuid  Inst.,  vol.  10, 1877,  p.  423. 

Y.  Eic«lator  Bprlnes,  Ufasonrf.  Anelysls  by  W.  P.  Ibaan,  Chem.  Nom,  vol.  SI,  IW^  p.  123.  Thfc 
wBtar  Is  notable  lot  tbs  idatlrely  bigt  amouDt  ol  manganese  which  It  contatas. 

a.  spring  hi  Floa  Creek  nlley,  n«r  AtUn,  British  Columbb.  Analysis  by  T.  0.  Walt,  Ann.  Bqit 
GeoL  Survey  Canada,  IBOO,  p.  19  R.   This  wstn  Jepoalts  hydromagntelte  and  ealcaieons  tnla. 

H.  WitbebnsqueUa.Earlsbruiin,  Austrian eaeila.    Analyslsby  B.  Ludwlg,  Uln.pet.  Ultt.,Tol.l,ini, 

p.m. 

L— Parti  par  Biniom  of  water. 
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IL  PMoMtaC*  ot  toM  MUdl.  all  aubauto 
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The  water  of  Ojo  Caliente  is  noticeable  on  account  of  ita  content  of 
fluorine.  This  element  is  rarely  determined  in  water  analyses,  but 
is  fdmost  invariably  present.  According  to  A.  Gautier  and  P. 
Clausmann,*  ita  quantity  in  spring  waters  ranges  from  0.30  to  6.32 
milligrammes  per  liter,  being  highest  in  waters  issuing  from  areas  of 
eruptive  rocks.  The  highest  values  of  all  were  found  in  the  watOTs 
of  Vichy.* 

1  Compt.  Hand.,  vol.  1S8,  p.  1831, 1914. 

■  AcOOTdlng  to  De  QouTcoaiD  (CompL  Itcod.,  vol.  TS,  IB73,  p.  1063),  Vlrhy  w&t«r  omtaliu  7.S  puta  at 
Saoriae  per  mlUloii.  In  Ihi  wslei  ut  BonibcD-l'AichiunbBult  3.W  puts  of  fluorhw  w«n  tmnd.  For 
ot}>ereiKmpleBo[iratncan'.abilng  Quortncsee  J.  C.  Oil,  Uom.Aod.  Barcelona,  vol.  1,  IBM,  p.  OO;  A.F. 
d8SilvaBiidA.d'Agulu',BuU.8oc.chliii,,3tlnr.,Tal.21,I8M,p.gB7;  C.  LepisfTs,  Compt.  liand.,  vol.  118, 
18»,  p.  12Sg:  I.  Cteane,  Zeltochr.  uial.  Oiemto,  vol.  34,  ISU,  p.  MS;  vol^  44,  IMS,  p.  729;  and  P.  Cartas, 
Compt.  Rend.,  vol.  144, 1907,  p.  S7.  Carles  rarely  [ailed  to  detect  flnortne  fai  mbiBral  wolari,  oomnxinJy 
from  O.wa  to  O.OM  gram  per  liter.   In  one  Vkhy  water  he  found  0.018  giam,  his  '""'""i"'    lUa  Is  is 
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WATERS  OF  MIXED  TYPE. 

The  following  analyses,  which  are  all  reduced  to  tiie  normal  staad- 
ard,  represent  waters  of  mixed  type,  chlorides  with  carbonates;  sul- 
phates with  carbonates;  or  chlorides,  carbonates,  and  sulphates  all 
tf^thw.  Waters  of  this  character  are  very  comjnoji,  and  show 
almost  every  stage  of  intermediate  gradation'. 

AntUyte*  ofviaten  of  mixed  type. 

A.  TbaVfi:gliiiaHatSprlDg9,VitxtDlk.  Anngtot^iwprlatt.tii^jndbjr.  W.  CUil«,  Dull.  U.S. 
0«ol.  Somr  No.  9,  ISSt,  p.  33. 

B.  TIieLUewoll.FaliliaTaiSiifbiiiiUlsaiui.  AiulTalibT'P.Schinitiar,a«cd.Bum]rlU9ei>ur!,Ta].>, 
an,  p.  171. 

C.  l>Mpw«II,U»aiiib,DUnoli.    AiiaI;»dbr0.8M|iirtntlwUbontor7oftbeIIiilWdBtalB9a«ak«Ic«l 

D.  deopUra  Spdng,  YalloirstonB  NUkmal  Puk.  Analyila  bj  F.  A.  Oooch  and  J.  E.  WUtOald,  Bull. 
U.  S.  Owd.  Bunray  No.  IT,  1S88,  p.  30.    Fit«  COt,  354  parts  p«r  million. 

B.  OnngaaprlsgiY^linfnoiieNmtlaiulPark.  AnaljibbTOvocliaDd  WIittfleld,op.clt.,p.3S.  Trt* 
CO),  as  parts  par  mllllOD. 

P.  ESnigiquelle,  Bad  Eteter,  Baxony.  AnalrsIsb^R.  Fleclulg,clted  b;  A.Ooldbcig.U.  B«r.Naturw. 
Gwell.  Cbemnfti,  1904,  pp.  74,  ItK.  Thb  ed6ii»1t  Is  a  UHnugrmph  on  tliA  lolDenl  mtaii  of  Baxony  and 
contBiiu  many  aaalyua.    Dbarbonatw  raduced  to  normal  lalta.    Pne  COi  la  al»  pmeut. 

a.  ThvBpradsl, Carlsbad, Botiunla.  Analy>libyF.Rai3ky,cItBdbyKotb,Allgemelneuiidcliamlscbe 
0«idog<B,v<d.  I.p.SW.  Coulalnia.TlWgramfrceHulhaUwmblDedCOipskllaKnun.  AlwtracesorBr, 
1,  LI,  B,  Sb,  and  Ca. 

H.  ChalybCBtc  valar,  Ulttacong,  Heir  Boutli  Wales.  Aualysbby  1.  C.  B.  Ulngayt,  Froc.  Boy.  Soc. 
NawSoath  Wal«,Tol.M,  ISVZ,  p.  73.  A  very  ununial  wilw.  In  tlu  nune  mamolr,  HEnsayc  glvei  nuny 
other  aualjna  of  AaMrallau  spring,  artoslan,  and  weB  valen.  , 
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SILICEOUS    WATERS. 

Waters  charactemed  by  a  large  relativo  proportion  of  silica  are 
common,  had  a  number  of  examples  were  noted  among  river  waters, 
Uruguay  River  fonning  an  extreme  case.  Springs  issuing  from 
feldspathic  rocks  are  likely  to  contain  silicA  as  a  chief  inorganic  con- 
stituent, but  the  absolute  amount  of  it  is  generally  small.  In  volcanic 
vaters,  on  the  other  hand,  and  especially  in  geyser  waters,  the  silica 
may  reach  half  a  gram  to  the  liter,  and  sometimes  even  more.'  It  is 
usually  reported  as  SiOj;  although  in  some  cases,  when  the  ordinary 
acid  radicles  are  insufficient  to  satisfy  the  bases,  it  becomes  necessary 
to  assume  the  existence  of  silicates,  even  if  their  precise  nature  is 
unknown.  For  such  waters  it  is  convenient  to  report  this  saline  silica 
in  the  form  of  the  metasilicic  radicle  SiO„  the  dried  residue  being 
supposed  to  contain  the  sodiimi  salt  Na^iO,;  but  this  is  hardly  more 
than  a  convenient  device  for  evading  a  recognized  uncertainty.  In 
Bolution,  according  to  L.  Kahlenbeig  and  A.  T.  Lincoln,'  sodium 
metasilicate  is  hydrolyzed  into  colloidal  silica  and  sodium  hydroxide; 
and  this  conclusion  was  also  reached  by  F.  Kohlrausch  *  about  five 
years  earlier,  although  he  stated  it  in  a  more  tentative  form.  In 
natural  waters,  then,  silica  is  actually  present  in  the  colloidal  state, 
and  not  in  acid  ions.  On  evaporation  to  dryness  the  silicate  may 
form,  but  only  when  there  is  a  deficiency  of  other  acid  groups.  Such 
a  deficiency  is  indicated  by  a  pronounced  alkalinity  in  any  highly 
siliceous  water. 

For  convenience  the  sificic  waters  are  divided  below  into  two 
groups — first,  two  waters  are  given  which  are  probably  not  of  volcanic 
origin;  second,  a  nimiber  of  geyser  waters  appear  in  a  table  by  them- 
selves.   The  firet  two  waters  are  rather  dUute. 

I  For  «xsiDplB,  the  Opil  Spring,  in  the  YoUoirstoiie  NeUanal  Park,  curias  0.7(130  gmnotB01c&  per  Ulo- 
gram  of  voter.  The  atulyaes  ofths  YelLnntoiM  Park  vatan,  oilglDaUy  pnbllabed  b  XI.B.  Ocol.  Survey 
BalLNi>.4T,araal»ieprlutadIuWater-Sapplr  FipttHo.lM. 

•Joui.  Phya.  Chanu.Tol.  3, 18»e,p.  77. 

•  Zeltaehr.  phyBftaL  Chetnle,  voL  13, 18B3,  p.  773. 
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Anabj*ei  o/tilicie  yraUrs  o/nonvokanie  origin. 

A.  Btg  Iron  Rpilng,  Hot  Eprln^  of  Arkusu.  Analysh  by  J.  K.  Hsyvood,  Bept.  to  IT.  B.  Dspt. 
Interior,  1902.  Thb  I3  k  typlml  water,  Mlcct«d  tram  auuntg  the  4S  springs  vlilch  WCK  uulfiML  AUtlw 
hit  springs  in  this  group  ars  vary  much  ftUks,  Haywood  rep<xts  his  carbansta!  Tbollj  as  bicarbooateB, 
and  hli  ngtine  are  here  rcaUl«d  hi  ntnnal  form— Chat  Is,  HCOi  his  benn  reolciilated  Into  thspropv  quan- 
tity of  COi  ocnspandlng  to  the  normal  aolts. 

B.  Cascade  Spring,  Olette,  eastern  Pynnecs.  One  o[  six  analyTCs  by  E.  WlUm,  Caiiq>t.  Rend.,  vol. 
IM,  ISST,  p.  1178.  Temperatura,  7B.4*  C.  In  llib  vater,  lAlch  might  abo  b»  claaaad  as  a  snlphur  water, 
the  tadlde  i<)Oi  rgprasmla  the  prawm  of  thlosnlphatea,  prodnCBd  by  the  partial  axUatloD  ol  nilphlda. 
Thksulphata  have  abo  b«D  reported  In  other  wal<n,  and  nreral  examples  Irom  '"■"»■"  are  cited  In 
Twanty-ebai  Ann.  Kept.  Indiana  Dapt.  Owlocy.  1901,  pp.  7A,  81,  M.  A^ 
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K  2S4.Sin  the  original,  where  blcarbonatss  an  btchided.    In  that  statement  HCOi  torms  G9.(S  per  cent 
ot  the  total  B0II1L1.    Thb  water  might  be  equally  well  clasHd  with  the  carbonate  waters. 

For  geyser  waters  and  waters  of  similar  character  the  data  are 
abundaat  and  only  a  few  examples  need  be  utilized  here. 
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Analyia  of  siliaou*  geyser  waters. 

C.  Ctnl  Bprbm,  Nnrb  Baaln,  Yalknrstaui  NaUnul  Faik. 

D.  Ediluis  fiprldg,  Narls  Bttia. 

2.  Bmch  Spring,  Uppw  0«ynr  Buin,  YeUawstans  Xatimul  Park. 
F.  Old  FUtbfol  0«Tnr,  Uppar  OtyBH  Basin. 

0.  BxoeWv  a«rM',  Uldway  Baiibi,  Yellnwitone  Natlcoal  Fuk,  AiuItms  C  to  O  by  F.  .1.  Owdi 
Hkl  I.  E.  Whttfleld,  Boll.  tt.  a.  0«oL  Sinrgy  Ko.  47, 1SS8.  A  nombei  or  other  geyser  v&ten  ven  ana- 
tfiti  and  ore  reptrtad  in  thlii  msmolr.  Tha  flciim  gtren  hsra  yaij  K)mawh»t  fnmi  tha  origlnaJ  xtata- 
nuab,  havbig  bacn  lacakMiIaCsd  on  a  dlOcrait  bailB.    Til*  dlserapattclei,  hommr,  are  vtr;  tllgfal. 

H.  Omt  Qty^al,  lealand.    Asalyels  by  Sindberger,  Aim.  Cheni.  Phann.,  vol.  to,  1847,  p.  4B. 
L  Te  Tanta,  Itotorua,  New  Zealand.   Ttw  ml«r  lAMi  krjoei  On  vhlte  tvmca  of  Kotonuhun.   A 
krie  exceas  ol  Blllc*  imt  baaea,  rapramitad  aa  BIOi. 

1.  Otnk^nuiaDgl,  Roturua  gayssn.  Tbe  iratei  of  tb*  pink  tenaoa.  Bxeeas  of  aQka  very  auulL  Anal- 
yaca  I  and  I  by  W.  Skey,  Tram.  Nev  Zealand  Iiut.,  vol.  10,  ISTT,  p.  423.  ThlTt«ai  otber  analyMS  ar« 
gtm  In  tbb  mamolr.  3.  S.  Hadaarln,  In  lUrty-olnth  Ann.  B^t  Colnial  Labcntoy,  Hhus  Dap!., 
Nnr  Zealand,  gfvn  2S  aualyMS  ol  mbMTBl  springs  In  New  Zealand.  Senrol  of  ttwm  are  very  high  b^ 
■Uka.  See  also  tbe  Forty-second  Beport.  Fet  early  analyses  ol  Yellowxtone  wateis  see  H.  I-aSman, 
Am.  Jam.  Scl.,  3d  ser.,  toL  33,  pp.  104,  3SI.  Amdysas  ol  eavaral  loslandlo  Eaystr  vatara  are  glTan  by 
A.  Dunonrin  AnngJei  chtm,  pbys.,  3d  ser.,  ToL  19,  1B47,  p.  470. 


c 

D 

E 

F 

o 

H 

I 

J 

36.61 

14.83 

Trace. 
2S.  65 

Trace. 

31.64 
.25 
1.30 

2a  91 

Trace. 
1.31 

13.62 

26.82 

L84 

9.01 

iai6 

3.60 

.15 

8.78 

None. 

.24 

1.19 

26.42 

1.93 

.40 

Trace. 

.11 

.04 

Trace. 

Trace. 

25.01 
Trace. 

.29 
1.34 
31.34 
2.43 

.15 
Trace. 

.17 

.17 
Trace. 

.13 

po!:";v;;:::::::::: 

Trace. 

ia^: 

.08 
2.24 
21.44 
4  45 
.22 
.02 
.39 
.08 

.29 
2.38 
15.65 
4.89 
Trace. 
.13 
1.42 
None. 

12."  is' 

2.05 
Trace. 

Trace. 

n1' 

19.71 

1.88 

"Vis' 
".  os' 

33.94 
1.01 

Trace. 

Ntt, 

.38 
.09 

mS 

Trace. 

None. 

1  5.80 

.20 

.01 

Ap&;::;:::::::::::: 

.76 

"".az 

3L33 

.12 

.17 

.35 

31.72 

50.78 

27.58 

16.58 

45,04 

'33.85 

M^: 

Salinity,    parlfl    per 

100.00 

1,830 

100.00 

808 

100.00 

473 

100.00 
1,388 

100,00 
1,336 

100.00 
1,131 

100.00 
2,064 

loaoo 

NITRATE,  PHOSPHATE,  ANB    BORATE   WATERS. 

Although  waters  containing  small  quantities  of  nitrates,  borates, 
or  phosphates  are  not  uncommon,  waters  in  which  these  oompounda 
are  conspicuous  are  rare.  Melville's  analysis  of  Steamboat  Springe 
has  already  been  cited,  and  the  salts  from  that  water  contain  nearly 
9  per  cent  of  tbe  radicle  B^Oj,  corresponding  to  about  11.5  per  cent 
of  anhydrous  borax. ^     Nitrates  are  usually  regarded  as  evidence  of 

1  Boric  scld  In  natinvl  wstera  has  bean  dtscossed  by  L.  Sleulalalt  In  Compt.  Bend.,  voL  DS,  1S81,  p.  394; 
vol.  M,  1S83,  p.  1353;  and  toL  10O,  1S8G,  pp.  1017,  1340.    Aoocrdlng  to  L.  Katalenberg  and  O.  S<  ~ 
(ZelCsohi.  i^ysEkal.  Chemle,  vol.  ao,  ISM,  p.  U7),  tba  gnnp  BfOi  is  not  tha  tnia  Idd  of  the  bi 
cm,  howerar,  tcr  the  negative  radicle  ol  borax. 
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pollution  in  waters,  but  they  do  not  aeceesaiilj  indicate  pollution. 
In  arid  r^ons,  where  nitrification  goes  on  rapidly,  nitrates  may 
occur  in  considerable  amounts;  some  of  the  tmderground  waters  of 
Arizona  contain  as  high  as  160  parts  per  million  of  nitrogen  in  this 
fonn.'  The  following  analyses  probably  represent  extreme  examples 
of  phosphates,  borates,  and  nitrates  in  natural  waters:^ 

Analytet  o/ntlraU,  photphaU,  and  boraU  lealtr*. 

A.  Hot  qrbig  InuD  mlpfaur  bank  on  the  maixin  ot  Claar  Lake,  Callfiinitt.  AmlTsb  bj  O.  E.  Hoon, 
0«oL  Surrgy  CBlUsmik,  Ooilagy ,  IBtS,  p.  09.  la  til*  original  Ihs  carbauales  an  given  ai  bkarbonatta,  and 
n-in^-ii""  blisrbaaata  1>  nporUd  to  Uic  szUnt  o[  107.7S  gnba  per  gallon.  So  gnat  a  proportlai  cd 
anunonlnmfnainMrli«itrurdiiiBiy,alth(n«haiuKliI  vator,cll«llalar(p.  iga),inrpa33<aH.  In  Un 
tabnlatioii  tho  t>lcarboiiatH  are  rvdnced  to  nonnal  salts. 

B.  Hot  mler  Irani  tbe  Hsnnann  ahalt,  Bolphur  Bank,  Callionila. 

C.  Bot  watar  Iram  tho  Pvron  shall.  Sulphur  Bank.  AnalTses  B  and  C  b;  W.  H.  MslvtUs,  dead  br 
O.  F.B«(ikeT,Moii.ir.  S.OaoL  Survey,  vol.  U,lSSg,  p.  2GS.  Some  oiganb  matlar,  a  little  H^  azid  a  <wd- 
ddaiable  amoont  olCO,  an  reported  In  these  vralen. 

D.  PhoiidiBtlc  watv  bum  VI17,  Selne-et-Obe,  France.  Analjsta  b;  Bourgoln  and  Qiaatalag;  abalnct 
b/onr.Chem.Boc,ToLM,ia88,p.354.    TbeviterlsBaMfromBgallerfcutliKaay.    BlcwboalMradaoed 

E.  Spring  "Valetle,"  at  Cnmae,An7ron,  Fiance.  Oneofnlneaaaljneby  A.Canut,  Compt.  Raid., 
-vol.  111,19M,  p.  193.  Tbew  qirlngs  liaue  below  beds  ol  oo«l  and  oarbonaoeoui  wAifats,  In  whlcti  Urea  have 
oemrred.    Tttt  nllnUa  ven  derived  from  tbe  oiUMIod  at  the  nltrogeo  compounds  contained  tn  the  coaL 

T.  Tbe  botr  well  ZmhZem,  at  Kacxa.  Analysis  b;  P.  Van  Bombmsh,  Rec.  tnv.  chim.,  vol.  S,  18M, 
p.2$S.  Foraoombotativaanalj'ibaeelf.  Oreshofl,  Idon,  voL  IS, lg(rr,p.3M.  ThenKiateiofthbwatw 
ancoiiinianlTaictlbedtopallullinibTbiunanBgancyibatlttaiiotcarialnlliataolargeaqQantl^.abaaliite 
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■  See  W.'ff.Sklnnra,BuU.  Arizona  Eiper,  8ta.  No.  M,  IW. 

*TbeniEiMralw«t«rafCI)aiTyda]e,Vlfgliila,b  alao reported  to  berloblnnltiatu.  Beeanalyibbyl.K. 
Baywoodaud  B.  B.  Bmith,  olaoommerdal  botOed  sample.  In  BolL  Bur.  CbemMry  No.  91,  U.  S.  I>ept. 
Afi.,  lam,  p.  H.  Several  springi  in  llassacbusetts,  nported  by  W.  W.  Skinner  (BulL  Bui.  Chembby 
No.  UB,  1811),  V*  abo  ranarkaUy  high  In  nitrates. 

>d  with  normal  carbonates,    with  blcartMnates  the  nlinlt;  becomes  A,&M  parts  per  mllUon. 
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ACID    WATERS. 


The  last  group  of  waters  that  we  hare  to  consider  are  those  whieh 
contain  free  acids,  sulphuric  or  hydrochloric.  They  may  be  classi- 
fied in  two  divisions — ^first,  acid  waters  derived  from  sedimentary 
rocks,  their  acidity  being  probably  due  to  the  oxidation  of  pyrites  or 
other  sulphides;  second,  waters  of  volcanic  origin.  Under  the  first 
heading  the  four  analyses  given  below  may  be  cited.  In  these  anal- 
yses it  seems  best  to  state  the  free  acids  as  such  and  not  in  theform 
of  iona,  and  to  give,  instead  of  the  normal  "salinity,"  the  total 
inoi^aoic  impurity  in  parts  per  milUon. 

Anah/tet  of  amd  waten  from  ttditner^ary  nxkt. 

A.  Tba  Tiucarora  soui  spring,  9  mlleg  louUi  al  BrantiOrd,  CscwU.  Analysis  bf  T.  Bttrtj  Hunt,  OeoL 
Bivvaf  Canada,  1863,  p.  MS. 

B.  Oak  Ontianl  Sprtng,  Alatnma,  Osiuaw  Countr,  Nbw  York.  Analfsla  b;  W.  J.  Craw,  Am.  Jour. 
BcL,  Zdscr.,  voL  S,  liW,  p,  44S.  The  tree  add  IsitaUdln  th«  original  aa  60i;  It  la  ben  ncaloilalsd  Inta 
H^O,. 

C.  SprlugflmllasiiarlbirestorJoiuavllls,  L«e  County,  VlrglnJa.  Analysis  by  L.  E.  Bmoot,  Am.  Cham. 
Jour.,  TOLIS,  tS»T,p.»4.    Addlty  low. 

ID.  Rockbridge  Alum  Sprfaie,  Vliglnls.  Analysis  by  IC.  B.  Eirdiu,  Am.  Cbamlit,  roL  4, 1B73-T1,  p.  24T. 
Tbis  walar  and  tbat  analyiad  by  Smoot  ml«ht  be  equally  wall  pat  In  tba  ordinary  sulphate  gioap  wllb 


A 

B 

C 

D 

69.62 

47.87 

5.82 
.18 

'75.14' 

Trace 

.43 

36.28 

22.11 

Trace, 

-26 

.44 

Tnce 

.87 
.71 

1.10 

K        

3.70 
.50 
2.17 

6.39 

2.06 
3.06 

'2.' 24' 

Mk  

Zn 

1.20 

1.00 

12.56 

2.88 

Total  iiuHgaoic  impurity,  parts  per  miilioa 

100.00 
6,161 

100.00 
»5,136 

100.00 
3,716 

100.00 
464 

4,885  whsn  ibe  tnt  acid  Is  reckoned  as  BOi. 


Among  volcanic  waters  acidity  is  much  more  common,  and  many 
examples  of  it  are  known.  The  following  analyses  are  among  the 
most  typical,  and  are  stated  in  the  normal  percentage  form: 
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An(^y$e$  i^aad  v>ater$  o/vokanie  origin. 

A.  TtwBa  Inlcpot,  YeOamtaan  Nstlcmal  Piik.  Analysis  by  F.  A.  Oooch  uid  J.  E.  WUUlsld,  BuU. 
V.  B.  Otol,  Saivty  No.  47  ,1888,  p.  80.  Acidity  Blight.  Tbii  water  Is  unique  on  aooouut  oi  Its  lilgh  pro- 
pcrtlOD  of  unnumlunt  salts.  It  Dontslna  NHt  equlmlvnt  to  2.S  granui  ot  ainmonliun  Bu]ptmt«  par  Lite',  or 
kbout  SJ  per  cent  of  the  total  Impiulty,  Ccotslcs  also  U  puis  at  [m  C0|  mad  5  parts  of  H|S  per  million, 
ar  tbls  may  b«  compared  with  the  borate  water  from  Clear  Lske,  Callfanila,  pr»- 


la  County,  4 


mis.    Temperature  BO'  C.    Aiulytis  by 
~       m  suBlysH  of  other  watcn 


Tboinae  Price,  Trvis.  Tk^uIoI  Sac.  PeclOo  Ccost,  vol.  G,  ISSS,  p 
froa  this  graof  of  sprlngi  are  abo  given. 

C.  Water  Irom  Cove  Creali  sulphur  bads,  trtah.    Recalculated  Irom  the  analysis  by  W 
lUMdbyW.T.LeefaiBulLU.B.OeoI.BarveyNo.31S,leaT,p.48e.    Thewi 
Imt  may  not  be  of  strlctl;  voksnlo  origin. 

D.  Itto  Vlnagre,  Colombia.  Analysis  by  J.  B.  Buusstngault,  Annalea  cblm.  phy8.,EUiaer.,  vol.  3, 1874, 
p.  £0.  Free  80irecalculal«d  Into  HiSOb  Bonssfai^ult  also  glv«  analyses  of  eevMBl  ealbw  waters  from 
thasamereglaa.  On  p.  81  he  estimates  that  Bio  Vlnagra  at  Purace  carries  each  day4B3n  kflogramstf 
E^Ciand  4I,lSaMhieTaiiiaotHCI.    These  flgum  coreapcmd  to  17,000  and  15,D00  metric  t<nu  par  aimnm. 

E.  fiotBi^liigi  Paramo  de  Ruli,  (^lombla.  AnolyMs  by  B.  Levy,  dtsd  by  Booasingault,  op.clt.,  p.Sl. 
Tree  S0|  recalculated  tnlo  SfiO,. 

P.  eol&taraatFanudl,  Italy.    Analysis  by  a.  De  Lues,  Compt.  Rend.,  vol.  70,lBn,p.  W8. 
a.  Brook  Sungl  Pait,  from  enter  of  Idjin  vidcano,  Java.    Analysis  by  F.  A.  FlOcklger,  Jahresb. 
caiamla,  IW,  p.  833.   Acid  waters  are  not  uncommoii  in  Java. 


A 

B 

C 

D 

£ 

r 

0 

0.18 
1.29 
2.73 

35.92 
1.89 

5.60 
44.17 

■  "i6.'62' 

49.71 

31.38 

h!bo!:    ;■■  .'.V.::: 

.81 
46.95 
.04 
.02 
1.47 

4.75 
43.97 

4.96 
31.71 

.34 
65.08 

so.    

87.66 

33.  B2 

Na  ■■■'::::!:!::!;:! 

.73 
.24 
.01 
22.85 
1.18 
.36 

.58 
.10 

3.08 

3.22 

Trace. 
.57 

.58 
2.91 

.56 

Ti»ce. 

3.47 

oT?::::::::;:::::::: 

.41 

6.72 

L62 
2.48 

3.45 

1.21 
2.31 

Mn" '.:".:.".:::::::: 

Trace. 

L92 

6.74 
8.22 
None. 

1.63 

Al          

.10 

1.02 

7.14 

3.18 

7.16 
Trace. 
12.72 

2.67 

6.62 

1.27 

.80 

2,21 

Total  impurity,  parts 

100.00 

3,365 

100.00 

5,467 

100.00 
9,760 

100,00 
2,969 

100.00 

8,296 

100.00 

2,477 

100.00 
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Atwlyta  of  add  viater*  ofvoleanie  origin — Continued. 

n.  Hot  Lake,  WUM  laluid,  Bayof  Plmly,  N»w  Zwlsiid.  Anily^  by  C.  Da  TooMl,  Amt.  Cbna. 
Phaim.,  Td,  M,  1859,  p.  183.    Pnctlcally  ft  10  p«r  Mnt  BOhitkm  ol  hfdrodilorlc  add. 

I.  Probably  the  am«  water  as  that  ol  H,  Analysis  by  W.  8key,  Trans.  New  Zmland  Inst.,  rol.  10, 
1377,  p.  433.  InalateranalyslsbyJ.  8.  Uac1aurtn<PiDC.  Cbein.Sao.,Tol.I7,  lgi],p.  10),  thspreBBmit 
peatotblonlc  acid  la  rapertsd. 

J.  Cameron's  Bath,  Rolonia  geyser  district,  Haw  ZcalsDd.  Analysb  by  Sicey,  loc.  cit.  CooUlns  6 
parts  per  mOlloii  ol  E|S. 

E.  Yellow  lake  or  hot  pool,  crater  of  Taal  volcano,  LuKm,  Philippine  Idoods. 

L.  Greea  lake  or  pool,  crater  it  Taal  volcana.  Analyiia  Kaud  L  by  J.  Centeiio,  Estadiogeoldglnidet 
volcin  da  Taal,  Uadrtd,  ISSS.  Obecurely  stated.  Recalculated  on  tbe  assumptlcaibst  "fosbtosOdko" 
DuaDi  NagPOi,  end  that  sulphuric  acid  nuaiisH^O,Bndnot  eO|.  Tbetreeacid,howev«,Bhauldpnib- 
ablybesUhydrochloric.wlthnosiilpbuilcstaU.  InUiismatterlbnveaimplyfollowedtheftiithor.  Com- 
pare cllatlui  by  Q.  F.  Becker,  Twenty-llrst  Ann.  Kept.  U.  S.  Oeol.  Survey,  pt.  3, 1101,p.  «.  Forrwml 
■nslyau  oftbcaa  Taal  waters,  see  R.F.  Bacon,  PhUtpphMJoor.  Bel,,  vol.  1,1906,  p.  tt3;  voL  3, 1907,  p.  US. 
VnlorttiDatdy,  these  analyaea,  which  corroborate  CsDteno's,  an  stated  Id  such  tern  tbat  I  on  not  ndnra 
them  to  the  ualfonn  standards. 


H 

I 

J 

E 

L 

65.42 

69.99 

5.60 
69.11 

""6."87" 

11.69 

10.64 

1.91 

Trace. 

.75 

.69 

2.30 

.34 

Trace. 

9.06 
11.34 

Tn«e. 

47.26 
9.50 
1.26 

bA;:::::. .:;:....: 

Ni7      

1.56 
.90 
.50 
.09 

8.35 
.32 
.47 
.22 

24.14 
1.38 
.66 
.98 

20. 7S 

Qa. , 

.22 

1.02 

2.86 

""■.'33' 
Trace. 

.78 
6.35 
.55 

Fe"'                    -             

5.98 
.85 

5.55 

.03 

.18 

5.39 

2.37 

Total  impurity,  parts  per  millioii 

100.00 
158,051 

100.00 
194,830 

100.00 

1,862 

100.00 
26,989 

loaw 

60i023 

Still  another  acid  water,  from  the  crater  of  Popocatepetl,  was 
partially  analyzed  by  J.  Lefort.'  It  contained  11.009  grams  of  hydn>- 
chloric  acid  and  3.643  of  sulphuric  acid  in  1,000  parts,  together  with 
2.080  grams  of  alumina,  0.699  of  soda,  and  0.081  of  ferric  oxide. 
Lime,  magnesia,  eihca,  and  arsenic  were  present  in  traces.  These 
data  are  too  incomplete  to  admit  of  systematic  discussion.  The 
total  dissolved  matter  amounted  to  17,512  parts  per  million. 

J.  B.  Boussingault,^  in  his  memoir  on  the  acid  waters  of  the  Colom- 
bian Andes,  discusses  at  some  length  the  question  of  their  origin. 
He  shows  that  hydrochloric  acid  may  be  generated  by  the  action  of 
steam  upon  a  mixture  of  chlorides  and  sihca,  and  also  that  hot  gas- 
eous hydrochloric  acid  will  liberate  sulphuric  acid  from  sulphates. 
Both  of  these  reactions  may  take  place  in  volcanoes.    Sulphuric  acid 


1  Compt.  Rend.,  vol.  W,  II 


1.  pbys.,  Gth  ur.,  vol.  1,  lB74,p.  7t. 
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may  also  be  fonued  by  volcanic  heat,  sulphur,  either  free  or  derived 
from  sulphidee,  first  burning  to  SO,,  which  afterward,  in  presence 
of  moistxire,  oxidizes  to  HjSOt.  It  is  also  to  be  borne  in  mind  that 
aqueous  sulphuric  acid  will  decompose  chlorides,  with  liberation  of 
HCl,  and  this  reaction  also  probably  occurs.  The  acidity  of  a  vol- 
canic water,  then,  may  be  due  to  a  variety  of  causes,  which  operate 
under  varying  conditions  of  material  and  temperature.  We  may  not 
be  able  to  say  with  certainty  that  a  given  water  of  this  class  origi- 
nated in  a  given  way,  but  we  can  see  that  the  reactions  which  pro- 
duce it  are  neither  complex  nor  obscure. 

SUMMART  OF   "WATERS. 

From  the  evidence  before  us  the  classification  of  natural  waters 
according  to  their  negative  or  acid  ions  seems  to  be  fully  justified. 
This  question  has  been  partially  discussed  in  previous  chapters;  but 
the  greater  variety  of  composition  shown  by  mineral  springs  enables 
us  now  to  cover  the  ground  much  more  completely.  The  main 
divisions  and  subdivisions  are  aa  follows : 

I.  Ohloiide  watera.    Frincip&l  n^iative  ioo  CI. 

A.  Principal  positive  ion  Bodium. 

B.  Fiincipftl  positive  ion  caldum. 

C.  Watere  lich  in  magnedum. 

n.  Suli^ta  waten.    Principal  negative  ion  SO^. 

A.  FrincipAl  positive  ion  Hodium. 

B.  Principal  positive  ion  calcium. 

C.  Principal  poaitive  ion  magneaium. 

D.  Waters  rich  in  iron  or  aluminum. 

E.  Watara  containing  heavy  metals,  such  as  rinc. 

III.  Solphato-dkloride  waten,  with  80^  and  CI  both  abundant. 

IV.  Carbonate  waters.    Principal  negative  ioa  CO,  or  HCO,. 

A.  Principal  pomtive  ion  sodium. 

B.  Principal  positive  ion  calcium. 
G.  Chalybeate  waters. 

V.  Sulphato-carbonate  waters.    BO,  and  CO,  both  abundant. 
VI.  ChloTD-carbonate  waters,    d  and  CO,  both  abundant. 
VII.  Triple  waters,  containing  chloridee,  sulphatee,  and  carbonatea  in  equally 

notable  amounts. 
VIII.  Siliceous  waters.    Rich  in  SiO,. 
IX.  Borate  waters.    Principal  negative  radicln  B,07. 
X.  Nitrate  wafers.    Principal  negative  ion  140,. 
XI.  Fho^hate  waters.     Principal  negative  ion  PC,. 
XII.  Acid  waters.    Contain  tree  adds. 

A.  Acid  chiefly  sulphuric. 

B.  Add  diiefly  hydrochloric. 

This  classification  is  sufficient  for  all  practical  purposes,  although 
it  might  be  subdivided  still  further  in  order  to  cover  certain  excep- 
tion^ cases,  aa,  for  example,  the  feebly  acid  ammonium  sulphate 
water  of  the  Devil's  Inkpot.     Many  waters  are  obviously  interme- 
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diate  in  character,  like  the  hrinea  coDtaining  both  calcium  and 
sodium,  or  the  sulphates  of  two  or  more  bases  in  something  like 
equally  important  quantities.  In  a  classification  based  on  thera- 
peutic considerations  sulphur  waters  would  form  a  distinct  group; 
but  sulphides  occur  in  subordinate  amounts,  and  from  a  chemical 
point  of  view  are  merely  incidental  impurities.  It  has  already  been 
observed  that  mixtures  can  not  be  classified  rigorously,  a  conclusion 
which  it  is  well  to  reiterate  now.  The  classification  of  natural 
waters  is  only  approximate,  and  a  matter  of  convenience  rather  than 
of  fixed  principles. 

CHANGES    IN   WATERS. 

When  the  water  of  a  spring  emei^^  into  the  open  air  it  begins  to 
undergo  changes.  It  may  flow  into  other  waters  and  so  lose  its 
individuality;  it  may  simply  evaporate,  leaving  a  saline  residue;  it 
may  react  upon  adjacent  material  and  so  produce  new  substances; 
or,  by  cooling,  it  may  deposit  some  one  or  more  of  its  constituents. 
The  first  of  tiiese  contingencies  admits  of  no  systematic  discussion; 
the  third  will  be  considered  in  the  next  chapter;  the  others  can 
receive  attention  now. 

Alteration  by  loss  of  gaseous  contents  is  observed  in  two  impor- 
tant groups — the  sulphur  waters  and  those  coDtainiog  an  excess  of 
carbonic  acid.  Hydrogen  sulphide  pwUy  escapes  into  the  atmos- 
phere without  immediate  change,  and  pwt  of  it  is  oxidized,  with 
deposition  of  sulphur  and  the  formation  of  thiosuJphates  and  finally 
sulphates,  which  remain  in  solution.  Deposits  of  finely  divided 
sulphur  are  common  u«und  those  springs  which  emit  hydrogen 
sulphide,  but  they  frequently  contain  other  substances,  such  as 
silica,  oidcium  carbonate,  and  ocherous  matter.  Since,  however,  the 
sulphur  is  a  product  of  partial  oxidation,  this  change  comes  more 
appropriately  under  the  heading  of  reaction  with  adjacent  material, 
the  latter,  in  this  case,  being  oxygen  derived  from  the  air.  The 
hydrogen  sulphide  itself  may  be  generated  by  the  action  of  acid 
waters  upon  other  sulphides,  but  it  is  more  commonly  produced  by 
the  reduction  of  sulphates  through  the  agency  of  organic  matter, 
and  the  subsequent  decomposition  of  the  resultant  alkaline  com- 
pounds by  carbonic  acid.  Thelaat  reaction,  however,  as  A.  B6diamp' 
has  shown,  is  reversible.  Carbon  dioxide  decomposes  solutions  of 
calcium  hydrosulphide;  but,  on  the  other  hand,  hydrogen  sulphide 
can  partly  decompose  solutions  of  calcium  carbonate.  Bicarbonates 
and  sulphides,  therefore,  can  coexist  in  mineral  waters  in  a  state  of 
unstable  equilibrium, 

^  also  a  noDt  phTikocliemlal  dbcussko  bj 
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CAXiCABEOUS  SINTER. 


WiUi  carbonated  waters  the  changes  due  to  escape  of  gas  are  more 
conspicuous,  at  least  when  calcium,  magnesium,  or  iron  happen  to  be 
the  important  basic  ions.  When  the  "bicarbonic"  ion  HCO,  breaks 
up,  losing  carbon  dioxide  to  the  atmosphere,  the  normal  calcium  or 
magnesium  carbonate  is  formed  and,  being  insoluble,  is  precipitated. 
If  we  assume  calcium  bicarbonate  as  existent  in  solution,  the  reaction 
is  as  follows: 

CaH,C,0, =CaCO,  +  H,0  +  CO, ; 

but  the  change  is  modified  by  other  substances  which  maj  be  present, 
and  BO  the  product  is  rarely  pure,  nor  is  the  precipitation  absolutely 
completfl.  Calcareous  stater,  tufa,  or  travertine  is  thus  produced, 
and  in  many  localities  it  is  an  important  deposit.  The  carbonate 
waters  of  the  Yellowstone  Park,  for  example,  form  large  bodies  of 
this  character,  and  many  analyses  of  it  have  been  made.  It  is  also 
abundant  in  the  Lahontan  and  Bonneville  basins,  as  mentioned  in 
the  preceding  chapter.  The  following  analyses  of  typical  American 
material  are  sufficient  to  show  its  usual  composition: 

ATuib/eet  of  calcareont  tinteri. 

A.  Trawrttn*,  Tetnoc  Uoimtaln,  Mammoth  Hot  Bprlnga,  YeUowiitoaa  Natianal  Piirk.  Analyib  b; 
r.  A.  Ooodi,  BulL  U.  S.  0«oL  Surre;  No.  XO,  IKM,  p.  333. 

B.  TroTBrtbu,  ntai  Pulvllog  Oayser,  Uaminoth  Hot  Sprlogs.  Aiul;sl9  by  J.  E.  WMtnetd,  Bull. 
n.  B.  OtdLBnimjNa.lX,  1904,  p.  333.  OUicruialyMaolialcaraiua  deposits  an  giTUi  In  theomepabll- 
eBthm.    Sm  also  W.  H.  WmH,  Nbth  Ann.  Rapt.  V.  B.  Qtnl.  Survey,  1B89,  p.  819. 

C.  Llthold  tuta,  Lahontan  bwtn,  Nsnda.  One  of  three  uulyns  by  O.  I).  AllsD,  cited  by  I.  C.  Bnnell, 
Man.  U.  S.  OmL  Burvef,  vol.  11, 1«U,  p.  309. 

D.  Calfaranu  tub,  mala  temca,  Reddtng  Sprlnc,  Onat  Salt  Lake  Deaert.  Ai^lysb  br  B.  W.  Wood- 
W»rd,  Beirt,  U.  B.  OeoL  Eipl,  *Hh  Par.,  vol.  1, 1878,  p.  HB. 


Insoluble. . 

eiO, 

AljO, 

FeJD, 

C3) 

MgO 

K,0 

Nb,0 

Ufi 

NaCl 

CI 

S<^ 

CO, 

RO. 

nfi 

C,  orguiic.. 


99.63      100.24 
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Analyses  of  several  European  tufas  are  given  by  Roth,'  and  they 
exhibit  many  variations  in  composition.  Ten  calcareous  deposits 
from  the  springs  of  Vichy  were  analyzed  by  J.  Bouquet,*  who  found 
strontium  and  arsenic  in  them.  The  arsenic  ranged  from  a  trace  to 
1.16  per  cent  of  As,0(.  In  the  Carlsbad  "Spnidelstein"  Blum  and 
Leddin '  also  found  arsenic  to  the  extent  of  0.27  per  cent.  In  a  tufa 
from  the  Doughty  Springs,  in  Delta  County,  Colorado,  W.  P.  Head- 
den  *  found  barium  sulphate  ranging  from  a  small  amount  up  to  nearly 
95  per  cent.  This  tufa  or  sint«r  was  distinctly  radioactive,  and 
probably  contained  traces  of  radium. 

The  commonest  companion  of  calcium  carbonate  in  sinter  is  mag- 
nesium carbonate,  which  is  rarely,  if  ever,  absent.  According  to 
H.  Leitmeier*  the  springs  of  Lohitsch  in  Styria  deposit  hydrous  car^ 
bonate  of  magnesium.  The  presence  of  magnesium  sidts  in  a  water 
favors  the  deposition  of  calcium  carbonate  in  the  form  of  aragomt«, 
as  shown  by  F.  Comu '  and  F,  Vetter,'  Calcite,  however,  is  muc^ 
more  common  in  sinters  than  aragonite.  In  rare  instances  fluorite 
is  deposited.*  Silica  and  ferric  hydroxide  are  also  frequent  con- 
taminations of  tufas.  In  short,  the  calcium  carbonate  precipitated 
from  natural  waters  may  carry  down  with  it  a  great  variety  of 
impurities,  which  depend  upon  the  character  of  the  spring. 

OCHEBOU8    DEPOSITS. 

When  ferrous  ions  are  present  in  a  carbonate  water,  loss  of  carbonic 
acid  is  followed  or  accompanied  by  oxidation,  and  the  precipitated 
material  is  an  ocherous  ferric  hydroxide.  Around  chalybeate  springs 
these  deposits  of  iron  rust  are  always  noticeable.  With  substances 
of  this  character  calcium  and  m^nesium  carbonates  are  often  thrown 
down,  and  also  sihca,  so  that  the  ochers  from  iron  springs  vaiy  mu(dt 
in  composition.  Between  an  ocher  and  a  calcareous  sinter  every 
intermediate  mixture  may  occur.  Sometimes  when  sulphates  have 
been  reduced  by  oi^anic  matter  sulphides  of  iron  are  deposited,  and 
a  number  of  examples  of  this  kind  are  cited  by  Roth.*  The  following 
analyses  will  illustrate  the  usual  character  of  these  sediments. 

1  AUgcoiaiDe  imd  cbembche  OMli^le,  vol.  l,  p.  531>. 

■  Annalescbim.  pliys.,  adBer.,70l,42,U54,p.332.  F«  later  Uuljim  of  Vlchj  d«p(Mlt3,aMC,  Otnid 
aBd  F.  Bordaa,  Compt.  Rend.,  vol.  132, 1801,  p.  US. 

•  ADC.  Cb*m.  Phann.,  vaL  73,  1S60,  p.  217. 

•  Proc.  ColoTBdD  Bel.  Soc.,yol.  S,  1906,  pp.  1-30.  AmlrMsalsUaflbgspringimgtTentn  this  memoir, 
andsevflralazkalyseaofalnCen.  OnUieooexlaLenaof  barlnmaudBulphatAslcnilnBralifataTssBiiP.CaiiHp 
Jour.Chem,  Soc.gTol.  80(ab9ttHCts),pt.  2,  IDOl.p.SOS.  AlkaliDAblcaiboiiaUs,  willi  ui«icess  oICOi,caa 
bcdd  barium  In  solutlOD,  DOtwIthataitdlDg  Uie  presence  of  sulphates.  R.  DeUeslianip,  In  Notlibl.  Var. 
Erdlcunde,4UiHr.,  HaftZl,  p.  47,has(<isciusBdtIieaccuiienceaf  barium  in  natural  valen  and  tabulated 
s  large  numbetoloccuirances.  See  also  J.  White,  Jahresb,  Chemie,  I§9B,  p.  ess,  an  barium  In  aneetaa 
mtara  ofDerbrsblre. 

•  Zeltschr.  Krysl,  Ufai.,  toL  17,  MM,  p.  KM. 

•  Ocaterr.  Zaltachi.  Deig-  u.  Hattenw.,  vol.  56, 1B07,  p.  SM. 
'  Zeltschr.  Kryst.  Mln.,  ml.  40,  IBIO,  p.,  46. 

•  See  W.  Llndgren,  Econ.  Oaology,  yo!.  S,  1910,  p.  23. 
tAUgemelne  und  olieialsobe  Qeologto,  vol.  1,  pp.  S»,  tOO. 
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AwUiftt»  of  ochmnia  deporili. 

A.  Dcpoalt  from  Drfbnt^,  Ocrmtmy.    Amlysta  by  F.  J.  H.  Ladwli,  Jihnab.  Cbemla,  IMT-IS,  p.  1013. 

B.  DepoiltrroniNuiliciiii.aennan;.    Analysb  by  Enid,  JahrMb.  Cbemle,  l!MT-t8,  p.  1D12. 

C.  DepultlromEiiclosdesCfllesthtt,  vlcby.  One  at  loar  mbItim  by  J.  Bouqaet,  Annaks  cblm.  phys., 
SdKT.,  T<d.  IS,  ISM,  p.  SM.  Tlui  "quarti  and  mica,"  ot  MtUM,  do  oat  belong  wtth  tha  »dliiient,I)iit  an 
n  oocUtntal  addKioii  to  It 

D.  Depcolt  irom  OuUybcate  Sprbe,  I>eaUi  Oukfa,  Yellowiloae  NatiomU  Park.  Anatysls  by  J.  E. 
WhttAald  In  the  labgratory  of  tbs  UdIM  Statia  Oeologloal  Survey.  For  aa  aoolyata  of  water  from  Death 
anlch,aeea,  B.  FrankforMr,  Jour.  Am.  Cbem.  Boc.,yal.  28,  lMW,p.  Til. 


A 

. 

c 

■> 

F&O 

57.303 

49.88 
.40 

47.40 
Trace. 

6.683 

20.81 

i6.S5 
6.03 

IfaCO,                                                                    ■ 

2.59 

ga^.._ 

.&43 

rSiV 

Trace. 

j^d... 

.063 

6.96 
1.04 

I  25. 72 

2.81 
23.53 

23.333 
.642 

5.388 

[    26.94 

S^d 

2.06 

CO,  and  loa 

6.145 

100.000 

100.00 

100.06 

99.77 

The  deposit  represented  by  analysis  T)  evidently  contains  an 
admixture  of  a  basic  sulphate  of  iron.  A  number  of  such  salts  are 
loiown  among  natural  minerals,  and  are  commonly  formed  by  deposi- 
tion from  chalybeate  solutions.  Their  consideration,  however,  does 
not  belong  La  this  chapter.  Ocherous  deposits  rich  in  manganese 
are  also  known.  For  example,  M.  Weibull'  has  described  a  spring 
near  Lund,  in  Sweden,  which  contains  23  milligrams  of  MnO  to  the 
liteiT  of  water.  From  this,  by  the  action  of  the  organism  Crenotiirix 
manganifera,  the  manganese  oxide  is  precipitated  in  such  quantities 
as  to  clog  water  pipes. 

SIUCBOUS    DEPOSITS. 

Siliceous  deposits  are  formed  by  all  waters  containing  sihca,  but 
are  commonly  so  small  as  to  be  inconspicuous.  The  silica  then  ap- 
pears, as  in  the  preceding  tables  of  analyses,  as  an  impurity  in  some- 
thing else.  From  hot  springs,  however,  which  often  contain  silica 
in  large  quantities,  great  bodies  of  sinter  are  produced,  and  this  has 
a  composition  approaching  that  of  opal.  Mineralogically,  siliceous 
sinter  is  classed  as  a  variety  of  opal,  for  it  consists  mainly  of 
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hydrftted  silica  with  variable  impurities.  According  to  W.  H.  Weed,* 
who  has  studied  the  fonnation  of  sinters  in  the  Yellowstone  Park, 
the  deposit  may  he  due  either  to  relief  of  pressure,  to  cooling,  to 
chemical  reactions  between  different  waters,  to  simple  evaporatioa, 
or  to  the  action  of  olgie.  In  the  last  case  the  silica  forms  a  gelatinous 
layer  upon  the  algous  growths,  and  this,  after  the  death  of  the  algse, 
gradually  hardens  to  sinter.  The  subjoined  analyses  (A  to  E)  of 
Yellowstone  Park  sinters  are  selected  from  amoi^  fifteen  which  were 
made  by  J.  E.  Whitfield  in  the  laboratory  of  the  United  States  Geo- 
logical Suivey.' 

Anal9$t»o/$inter»fr(nn  Ytllowttrmt  Parl,€U. 

A.  iDcnutatlon,  Eioeblor  Ocywr  Baahi. 

B.  Opal  deposit,  Norrb  Basin. 

C.  Compact  Blnter,  Old  Faithful  Oejaei. 

D.  Deposit  Irom  Artembb  Geyxr. 

E.  Qtyieilte  Incnistatkm,  Gluil  group,  Upper  Basin. 

F.  .lUlcHHis  sinter,  Stfamlioat  Springs,  NctuIl    Analyib  by  B.  W.  Woodward,  Kept.  IT.  S.  GuL 
Eipl.  lOth  Par.,  vol.  2, 1S77,  p.  SX. 


A 

B 

c 

D 

B 

F 

SiO. 

M.40 

93.60 

1.06 

Trace. 

89.  H 

2.12 

Ti»ce. 

83.10 

6.02 

Trace. 

72.25 
10.96 
.76 
.31 
.74 
.10 
1.66 
3.56 
.36 
9.02 
.20 
.45 

}     - 

F^::"v;;;::::;::::;;::::: 

CaO. 

None. 
None. 

.50 
Trace. 

1.71 

Trace. 

.30 

1.12 
Trace. 

5.13 

.SO 
.21 

.87 
2.18 

""6.'73' 

U(rO 

^    ";;;:::::""■ ; 

^ 

NaCl 

5.02 

4.71 

c.'....'.".  "■. 

Trace. 

.28 

s.a;:::::::::::;:::': 

Trace. 

100.21 

99.87 

99.92 

100.19 

100.36 

100.04 

a  LOHS  on  igDitloB. 

At  Steamboat  Springs  G.  F.  Becker'  found  the  deposite  to  contain 
also  sulphides  of  antimony,  arsenic,  lead,  copper,  and  mercury,  ferric 
hydroxide,  gold,  silver,  and  traces  of  zinc,  manganese,  cobalt,  and 
nickel. 

Tlie  following  analyses  represent  sinteis  from  foreign  localities:* 

1  Am.  Jour.  ScL,  3d  set.,  vol.  37,  ISSS,  p.  Ml. 

■  Bull.  U.  8.  Oeol.  Surver  No.  228,  l»(H,pp.  29S-2M.  A  ver7  eioeptioniil  slntct,  ftom  ■  mum  ipiliic  In 
SaUngoi,  Ualv  States,  contaliB,  wlUi  B1.8  percent  of  BIOi,  O.S  pa  cent  or  BnO..  Bee  B.  Uniukr,  Compt. 
Heiid.,  Tol.  110, 1890,  p.  1083.  According  to  W.  R.  JoDes  (Oeol.  Hag.,  1«1,  p.  £3;),  the  mtR  of  thk 
■prlni  ooDtabu  no  tin.  ' 

•  Ifon.  D.  8.  Geot.  Survey,  Td.  13, 1888,  pp.  3«-3*B. 

<  For  addltkcal  uialfsce  we  Roth,  AUgemeMe  and  chemlaclie  Geologic,  vol.  1,  p.  5S3. 
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Afudyiei  of  tinlertfrotn  foreign  lonililies. 

0.  Q«7atfl(«,  Iceland.    AatlysbbrA, 
H.  Depolts  tram  tbe  Bcrlbla  quint, 

vol.  n,  isu,  p.  aa. 

1.  sinter  from  tbalu>tiprttigia(T^iiIio,Nnr 
vol.  S,  1853,  p.  3S&. 

J.  Eloter  from  geysers  of  Rotcrua,  New  Zcalatid.    Analgia  by  J.  E.  Wbftllleld,  d 
Weed,  Ninth  Ann.  Repl.  U.  B.  Qtdl.  Survey,  IS89,  p.  S19.    Two  oCber  uulyara  tie  f 

K.  Sinter  from  the  Uount  Uorgan  gold  mine,  Queensland.  Analj-sli  by  E.  ^ 
fi".  H.  Weed  hi  Am.  lour.  ScL,  3d  ser.,  vol.  42, 1891,  p.  lU.  This  ilnler  la  Impregnated  with  aurlfpraaa 
hematite.  In  slnttrs  trom  the  geync  dlsCrlcC  ol  New  Zt«land,  accccdlng  to  J.  U.  Uaclaren  (GeoL  Uig., 
1906,  p.  Gil),  there  an  abo  apprectible  quantities  a(  gold  and  sllcer. 


wZealand.    Analysli  by  J.  W.  Uallet,  PhUoa.  Hag.,  1th  M 


In  Ihla  report. 
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11 

I 

' 

K 

87.67 

1   ■" 

88.26 

.69 

3.26 

Trace. 

ill 
.11 

94.20 
L6S 
.17 

02.47 

2.&4 

.'is' 

.79 

}      2.27 

^:::;:::::;::::::;:::::::::;:::::: 

c^..              ::;:::;: 

.40 
Trace. 

.82 

N&:::::;v;;:::::::::::::::::::"::; 

N^. 

.85 
3.0« 

10.40 

4.79 
2.49 

3.90 

s^v;:;::";:::::::::::::::::::::::: 

100.00 

100.00 

99.86 

99.94 

99.72 

The  sinters,  however,  represent  only  the  sunplest  form  of  deposit 
from  geysers  and  siliceous  springs.  A  great  variety  of  intermediate 
substances,  mixtures  of  silica,  of  hydroxides,  of  carbonates,  sulphates, 
or  aisenates,  and  even  of  sulphur,  have  been  observed,  and  a  number 
of  analyses  made  in  the  laboratory  of  the  United  States  Geological 
Survey  by  J.  E.  Whitfield  are  cited  below  as  illustrations  of  this 
fact.  All  the  samples  analyzed  were  collected  in  the  Yellowstone 
National  Park. 
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Analyta  of  tpring  fUpotiUfrum  YeUovMont  Park. 

K.  D^mhU  iram  iprlne  No.  75,  Norli  Buln,    Dried  al  IM*. 
B.  SaUne  dqraslt,  Sbosluiiie  Gtjaen.    Dried  at  IM*. 
Z.  Sadlmentlrom  Crater  Hill. 

D.  Black  coating,  FsbrBprlosi.    Alrdrlcd. 

E.  Deposit  Erom  Chroma  Spring,  Crstei  Bill. 

F.  SedimaDtary  deposit  trom  Lvmir  Rtvei. 
a.  Deposit  (rom  Caastnnt  Oeyxr.    Described  by  Amol 
171.   Cootaltuscorodlle. 
S.  Red,  Dcheraua  deposit,  ArseDlc  Oeystr.    Atr  dried. 


I&«ue  In  Am.  Jour.  BcL,  3d  set.,  vlA.  H,  1887, 
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B 

c 

D 

E 

F 

« 

H 

54.36 

5.90 

25.48 

.33 

50.03 

2.15 

Trace. 

54.12 
18.03 

21.36 
3,11 
9.17 
6.19 

38.65 
.82 
7.50 

68.73 

29.23 

Trace. 

1.91 

49.83 

4.74 
18.00 

AlA 

9.63 

19.35 

MbO 

.17 
1.88 
1.30 
1.21 
None. 
9.60 

Trace. 
Trace. 

24.18 
.32 
.24 
4.78 
12.92 
6.40 

Trace. 
.32 
.49 

3.82 

.29 
2.14 

.07 
.60 

^ ::"::::::;: 

Hjp 

7.i2 

13.02 

6.16 

3.03 

10.62 

15.70 

15.41 

.09 

B     

18.79 

None. 

64.29 

.28 

17.37 

100.49 

100.03 

100.27 

99.91 

99.76 

100.07 

100.56 

100.10 

Analyses  G  and  H  are  especially  interesting,  for  they  represent 
the  deposition  of  scorodito,  FcA3O,.2Hj0.  This  occtirs  still  more  per- 
fectly at  Josephs  Coat  Springs,  in  the  Yellowstone  Park,  where  the 
mineral  has  been  separated  from  an  incrustation  and  identified.' 
The  manganese  in  D  and  the  sulphur  in  E  and  F  are  also  worthy  of 
notice.  When  we  consider  that  in  addition  to  these  precipitates 
many  saline  compounds  are  produced  by  the  simple  evaporation  of 
waters,  we  see  that  the  range  of  possibilities  must  be  very  great. 
When  a  water  has  become  sufficiently  concentrated  to  begin  the 
deposition  of  sohd  matter,  every  change  in  concentration  or  temper- 
ature introduces  a  new  set  of  conditions  which  determine  the  nature 
of  the  compounds  to  be  formed.  The  complexity  of  the  problems 
which  thus  originate  will  become  more  evident  when  we  study  the 
subject  of  saline  residues.  It  is  clear,  from  the  nature  of  the  prod- 
ucts thus  far  considered,  that  in  a  complex  water  several  reactions 
may  take  place  simultaneously,  a  number  of  substances  being 
thrown  down  at  the  same  time.  If  a  water  carrying  much  iron 
and  much  calcium  loses  hydrogen  sulphide  and  carbonic  acid,  then 
ferric  hydroxide,  calcium  carbonate,  and  sulphur  will  be  depoedted 
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together,  each  change  bein^  iudepeadeat  of  the  others.  In  auch 
cases  the  complexity  of  reaction  is  apparent  only  and  not  real, 
llie  reactions  are  all  simple  and  easily  understood.  When  salts  are 
formed  by  evaporation  of  a  water,  the  interpretation  of  the  phenomena 
is  more  difficult. 

RBACTIOKS   WITH  ADJACENT   MATEBIAIi. 

The  reactions  of  natural  waters  in  contact  with  adjacent  materials 
are  of  many  different  kinds.  We  hare  already  seen  how  oxygen 
from  the  atmosphere  may  convra-t  ferrous  into  ferric  compounds  and 
sulphides  into  sulphates,  but  reducing  agents  also  must  be  taken  into 
accomit.  The  sulphates  of  a  water,  by  accession  of  organic  matter, 
can  be  partly  or  entnrely  reduced  to  sulphides,  and  carbonic  acid, 
acting  upon  the  latter,  may  expel  sulphureted  hydrt^n  and  produce 
carbonates.  By  reactions  of  that  kind  a  water  can  undra^  a  com- 
plete change  of  type  and  pass  from  one  class  into  another. 

Acid  waters,  especially  when  hot,  act  vigorously  on  the  substances 
with  which  they  come  in  contact,  producing  soluble  chlorides  or  sul- 
phates according  to  their  character.  Hydrochloric  acid  forms  the 
one  set  of  salts,  sulphuric  acid  the  other.  The  extent  of  the  reactions 
will  of  course  depend  upon  the  kind  of  material  attacked,  for  some 
minerals  and  rocks  are  much  more  soluble  than  others.  The  carbon- 
ate rocks  are  naturally  the  most  attackable,  but  no  rock  is  entirely 
exempt  from  changes  of  this  order.  When  we  remember  that  even 
pure  and  cold  water  exerts  a  solvent  action  upon  many  silicates,  we 
can  see  how  violently  corrosive  a  hot,  acid,  volcanic  water  must  be. 
Wherever  waters  of  this  class  occur  the  surrounding  rocks  are  more 
or  less  decomposed,  calcium,  m^nesium,  alkalies,  and  iron  being 
dissolved  out,  while  sihoa  and  hydrous  aluminum  mlicates  remain 
behind.  As  the  water  cools  and  as  the  acid  becomes  neutralized  its 
activity  decreases,  and  its  peculiar  characteristics  gradually  disappear. 
An  ordinary  saline  or  astringent  water  is  the  product  of  these  changes, 
which  take  place  most  rapidly  when  the  active  solutions  are  concen- 
trated and  hot  and  more  slowly  in  proportion  as  they  are  diluted  or 
cooled. 

Waters  containing  free  sulphuric  or  hydrochloric  acid  are,  however, 
relatively  rare,  and  their  geological  importance  is  small  compared 
with  that  of  carbonated  solutions.  Meteoric  waters  carrying  free 
carbonic  acid  ore  probably  the  most  powerfiil  of  agents  in  the  solution 
of  rocks,  although  their  chemical  activity  is  neither  violent  nor  rapid. 
Being  continually  replenished  from  the  storehouse  of  the  atmosphere, 
their  work  goes  on  unceasingly  over  a  large  portion  of  our  globe. 
The  calcium  which  they  extract  from  rocks  is  carried  by  rivers  to  the 
sea  and  is  finally  deposited  in  the  form  of  Umestonee.    Springs  and 

97270*— Bull.  619—16 14 
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underground  waters  chained  with  carbonic  acid  exert  the  same  sol- 
vent action,  but  locally  and  in  different  degree.  We  have  seen  that 
many  springs  are  so  heavily  loaded  with  carbonic  acid  that  they 
efferveece  when  issuing  into  the  air,  and  such  waters  are  pecuhaily 
potent  in  effecting  the  solution  of  limeetones.  By  percolating  wateis 
of  this  class  limestone  caverns  are  made,  and  part  of  the  substance 
dissolved  is  redcposited  as  stalactite  or  stalagmite.  In  reactions  of 
this  kind  the  general  character  of  a  water  is  not  changed;  it  may  be 
a  calcium  carbonate  water  throiighout  its  course,  varying  only  in 
gaseous  content  and  in  concentration,  and  ite  chemical  effectiveness 
is  shown  by  ite  work  as  a  carrier  in  transporting  from  one  point  to 
another  the  material  that  it  has  dissolved.' 

Alkaline  waters,  especiaUy  thermal  waters  of  the  sodium  carbonate 
class,  are  also  active  solvents  of  mineral  substances.  Their  tendency, 
however,  is  opposite  to  that  of  the  acid  waters,  for  they  dissolve  silica 
rather  than  bases,  and  act  as  precipitant^  for  ma^esia  and  lime. 
When  solutions  of  calcium  sulphate  and  sodium  carbonate  are  com- 
mingled, calcium  carbonate  is  thrown  down  and  an  equivalent  amount 
of  sodium  sulphate  remains  dissolved.  Since  natural  waters  are 
rarely,  if  ever,  chemically  equivalent,  reactions  of  this  sort  between 
tbem  are  necessarily  incomplete,  and  the  blended  solutions  will  con- 
tain one  group  of  ions  in  excess  over  the  other.  Thus  a  water  of 
mixed  type  is  produced,  but  the  mixture  is  not  an  average  of  the 
two  solutions,  for  part  of  their  original  load  has  been  removed.  This 
is  a  simple  case  of  reaction,  but  it  may  he  comphcated  in  various 
ways,  and  even  reversed.  For  instance,  a  solution  of  sodium  sul- 
phate in  presence  of  free  carbonic  acid  will  dissolve  calcium  car- 
bonate, forming  sodium  bicarbonate  and  a  precipitate  of  gypsum. 
E,  W.  Hilgard '  has  investigated  this  transformation,  and  regards 
it  as  the  principal  source  of  alkaline  carbonate  solutions  in  nature. 
E^irthermore,  mineral  substances  with  which  alkaline  waters  come  in 
contact  may  foe  profoundly  modified,  as  at  the  thermal  springs  of 
Plombi&res  in  France.  Here,  according  to  Daubr^o,*  the  brickwork 
and  masonry  of  the  ancient  Roman  foaths  have  foeen  strongly  attacked 
with  the  production  of  hyalite  and  a  number  of  zeohtic  minerida. 

Many  mineral  springs  contain  oi^anic  matter,  presumably  in  the 
form  of  the  so-called  humus  acids,  but  the  influence  exerted  by  these 
substances  is  more  pronounced  in  swamp  and  river  waters,*    Their 

I  On  the  magniCudB  of  erosloii  by  ^bUrroneui  wotcn  see  H.  Behaidt,  BuU.  ScK,  neuchlilelolse  3cL 
nat.,  i(ri.33,  lWT,p.  188. 

1  Am.  Jonr.  Scl. ,  4lh  ler.,  vol.  2, 1896,  p.  100. 

■  Etudes  aynUii^liqun  de  gittriogle  oxpirlm^nCale,  I87CI,  pp.  179  et  >eq.  Othnr  local Ittca  at  wtiidi  slmDar 
chaogea  have  b«a  observed  are  also  described.  The  PlombKm  vater  Is  said  to  be  a  ver7  dllnte  BoluCfaD 
of  olkaUae  iiilksl«s,  but  its  exact  composftlan  Is  not  glvta  by  Daubrte.  Aitaty aes  d  six  wal«i  from  Fkiat- 
bl£ras  can  be  fouitd  In  Les  eaux  mia^ralcis  de  la  France,  by  E.  Jocquot  and  E.  Wnim,  Parla,  18H,  p.  d. 
Thay  confirm  Daabr^'asulcTneril. 

4  B«a  Chapter  III  for  details  on  this  subject.  Also  A.  A.  luUeD,  Pcoc.  Am.  Anoo.  AdT.  BeL,  vd,  38, 
1SI9,  p.  311. 
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supposed  fiolTent  action  upon  rocks  and  soils  has  already  been 
noticed,  ae  well  as  their  allied  efficiency  in  retaining  sihca  in  solution. 
Against  these  suppositions  I  may  cite  an  observation  by  C.  A.  Davis 
in  the  United  States  Geological  Survey,  that  the  peat  of  the  Dismal 
Swamp  contains  the  siliceous  skeletons  of  diatoms  whose  outlines 
are  still  perfectly  sharp,  without  the  slightest  trace  of  blurring.  This 
observation  has  been  confirmed  by  Chase  Palmer.  The  water 
saturating  the  peat  contains  much  dissolved  oiganic  matter,  which 
colors  it  strongly  brown,  and  also  contains  floating  diatoms. 

Fiu-thermore,  iron  and  alumina  may  be  removed  from  sulphate  or 
chloride  waters  by  the  action  of  limestones.  If  tiie  iron  is  in  the 
ferrous  state,  it  must  first  be  oxidized  to  the  ferric  condition.  Then, 
by  means  of  calcium  carbonate,  both  of  the  bases  named  can  be  pre- 
cipitated, either  as  hydroxides  or  as  basic  sulphates.  InsoluUe  com- 
pounds of  the  latter  class  are  often  fonned  from  natural  waters,  and 
many  mineral  species  are  of  that  character.  It  is  quite  probable  ibat 
limestone  is  also  effective  in  removing  other  heavy  metals  from  their 
solutions;  copper,  for  example,  is  certainly  thrown  down,  but  these 
reactions  need  to  be  more  fuUy  investigated.  Their  consideration 
must  be  deferred  until  we  reach  the  subject  of  metalliferous  deposits. 

Finally,  the  character  of  a  water  may  be  greatly  changed  by  simple 
percolation  through  the  soil.  That  potassium  is  thuB  removed  from 
natural  waters  has  long  been  known,  and  reference  to  this  fact  waa 
made  in  a  previous  chapter.  Experiments  by  J.  T.  Crawley  and 
R.  A.  Duncan'  on  Hawaiian  soils  show  tiiat  a  layer  6  inches  thick 
will  fix  over  98  per  cent  of  the  potassium  in  a  solution  of  potassium 
sulphate  which  is  allowed  to  filter  through  it,  and  the  retention  of  ' 
phosphoric  acid  and  ammonia  is  even  more  complete.  According  to 
J.  M.  van  Bemmelen,*  basic  zeolitic  sihcates  are  the  chief  agents  in 
effecting  the  retention  of  potassium,  exchanging  other  bases  for  it 
by  doubts  decomposition,  but  the  existence  of  such  compounds  in  the 
soil  is  not  well  established.  Hydrous  aluminum  sihcates  may  be  the 
effective  absorbents,  or,  in  the  case  of  phosphoric  acid,  the  hydroxides 
of  aluminum  and  iron.  After  potassium  and  ammonium.  Van  Bem- 
melen  finds  that  magnesium  is  most  readily  absorbed,  then  sodium, 
and  calcium  least  of  all.  It  is  clear,  however,  that  the  nature  of  the 
soil  must  be  taken  into  account.  A  sandy  soil  or  an  impervious  clay 
would  be  less  effective  in  removing  saline  substances  from  water  than 
a  loose  loam  rich  in  hydrous  basic  compounds.  The  fact  that  sub- 
stances are  taken  from  waters  by  soils  is  certain,  but  the  extent  of 
the  absorption  depends  upon  local  conditions.  It  is  abo  certain  tbat 
potassium,  rather  than  sodium,  is  thus  withdrawn  from  aqueous 
circulation. 


>  Jour.  Am.  Cheni.  Soc.,  vol.  2S,  IMS,  p.  47.    SmdIso  vol.  34,  ItMZ.p.  1114. 
■  Utndw.  Vai3uch»fitatloiieii  (Berlin),  toI.  31,  p.  13S. 
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A  careful  consideratioa  of  all  the  evidence  concerning  mineral 
springs  will  show  that  it  is  exceedingly  difficult  to  generalize  on  rela- 
tions between  the  composition  of  a  water  and  its  geological  history. 
Reactions  which  take  place  deep  within  the  earth  can  not  easily 
be  traced,  especially  as  a  water  may  undergo  various  modifications 
before  it  reaches  the  surface.  A  spring  may  be  a  blend  from  different 
sources — either  a  direct  mixture  or  a  solution  from  which  ingredients 
have  been  removed — and  it  is  only  in  specific  cases  that  a  simple 
interpretation  of  the  phenomena  can  be  found.  The  water  that  rises 
from  a  salt  bed  or  from  gypsum  is  easily  understood,  and  so  also  is 
one  which  carries  sulphates  derived  from  pyritiferous  shales.  The 
Hunyadi  Janos  water  is  obtained  from  wells  sunk  near  a  mass  of 
pyritiferous  dolomite,  and  therefore  its  high  proportion  of  mag- 
nesium sulphate  is  readily  intelligible.  We  can  see  that  a  water  from 
granite  must  differ  greatly  from  one  issuing  out  of  limestone,  and 
Hanamann's  analyses  of  the  Bohemian  rivers  illustrate  this  order  of 
dissimilarity.  Many  regularities  can  be  traced,  but  no  general  prin- 
ciple can  be  deduced  from  them.  For  example,  A.  De  Lapparent' 
shows  that  soffataras  are  most  common  in  regions  of  highly  siliceous 
eruptive  rocks,  such  as  rhyohtes,  andesites,  etc.,  a  condition  which 
he  attributes  to  the  inferior  fluidity  of  the  volcanic  magmas  and  the 
consequently  greater  retention  of  gaseous  contents  by  them.  In  areas 
of  subsihcic  rock  soffataras  rarely  or  never  occur. 

Various  attempts  have  been  made  to  correlate  t^e  composition  of 
waters  with  the  geological  horizons  from  which  they  flow.  For 
spring  waters  such  attempts  are  of  httle  value,  because  two  springs, 
side  by  side,  may  be  widely  different.  In  the  case  of  artesian  wells 
the  problem  is  perhaps  simpler,  for  there  the  horizon  can  be  de- 
termined-. Artesian  waters  of  common  origin  often  show  a  family 
likeness  to  one  another,  especially  in  their  minor  constituents,  one 
group  being  always  calciierous,  another  relatively  rich  in  bromine, 
and  so  on.'  But  no  law  can  he  framed  to  cover  even  these  regularities, 
for  the  exceptional  waters  are  too  numerous  and  too  confusing.  That 
waters  from  sedimentary  rocks  are,  as  a  rule,  more  concentrated  and 
perhaps  more  complex  than  those  from  the  older  crystalline  forma- 
tions is  doubtless  true;  but  beyond  that  it  is  hardly  safe  to  generalize. 
It  is  better  to  discuss  eadi  water  by  itseff,  and  so  seek  to  interpret 
its  individual  history, 

1  Compt.  Rmd.,  toI.  108,  ISSS,  p.  149. 

■  A.  C.  Lua  [Water-auppl;  Paper  D.  B.  Qtol.  Bamy  No.  31, 1B»)  clusian  the  lOjhlgui  irMara  wltb 
nbraioe  to  their  origin,  md  polntaout  various  slmUailtles  connecled  vlth  Idintltr  of  hdrlian.  On  the 
ohemipal  relatloni  between  sprlog  wkters  and  the  rocki  from  which  they  l»ue,  see  U.  DItlilch,  UltUi. 
BadlKh.  leol.  LandBBBnitiJt,  vol.  4,  IWl,  p.  1». 
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VAD08B  AND   JUVENILE   WATERS.' 

Whether  it  is  posaible  to  discriminate  between  waters  of  superficial  . 
or  vadose  origin  and  magmatic  or  deep-eeated  waters  is  a  question   [ 
for  geology  to  answer.    Until  quit«  recently  the  prevalent  opinion    : 
has  hem.  ttiat  all  spring  waters,  including  those  emitted  by  geysers,    \ 
were  originally  meteoric.    Modem  investigations  into  volcanism  and     \ 
upon  the  subject  of  metalliferous  veins  have,  however,  led  to  a      i 
reopening  of  ^e  question.     E.  Suess,*  speaking  with  especial  refer-      1 
ence  to  5ie  thermal  springs  of  Carlsbad,  has  advanced  strong  ai^-       ' 
mcnta  to  show  that  waters  of  this  class  are  "juvenile"  and  now  see 
the  light  of  day  for  the  first  time — that  is,  they  issue  from  deep 
within  the  eartji,  from  the  ftmdamental  magma  iteelf,  and  bring  up 
veritable  additions  to  the  hydrosphere.    Thbse  magmatic  waters, 
furthermore,   are  regarded  by  some  authorities  as  the  carriers  of 
metaUic  salts,  by  which  certun  kinds  of  metalliferous  veins  have  been 
filled." 

This  subdivision  of  springs  into  vadose,  or  those  which  represent 
original  infiltrations  of  surface  waters,  and  juvenile,  as  Suess  terms 
them,  has  had  wide  but  not  universal  acceptance.  A  difficulty  in 
applying  the  proposed  nomenclature  arises  from  the  fact  that  it  is  not 
easy  to  determine  where  a  given  water  belongs.  Armand  Gautier,* 
however,  has  pointed  out  several  criteria  which  may  make  discrimi- 
nation possible.  He  shows  that  vadose  waters,  or  waters  of  infiltra- 
tion, are  characterized  by  fluctuations  in  composition,  concentra- 
tion, and  rate  of  flow,  depending  upon  local  and  variable  conditions, 
such  as  abundant  rain  or  drouth.  Thoy  also  contain,  as  a  rule, 
carbonates  of  lime  or  magnesia,  chlorides,  and  sulphates.  Virgin  or 
juvenile  waters,  on  the  contrary,  are  fairly  constant  in  all  essential 
particulars,  and  carry  sodium  bicarbonate,  allailine  silicates,  heavy 
metals,  etc.,  as  chief  constituents,  with  chlorides  or  stUphates  only 
as  accessories,  and  practically  no  carbonates  of  the  alkaline  earths. 
TTic  vadose  waters,  moreover,  issue  from  faults  having  no  relation  to 
the  metaUic  veins  of  the  surrounding  territory — a  lack  of  relation 
which  is   conspicuous   as  regards   juvenile  springs.     Gautier  holds 

>  Tha  tanii  "eomule"  la  ktao  used  to  same  extent  to  d«9crlbe  burled  or  bntl  waten.  The  (xtlclum 
oUarlde' VBtoa  of  tbs  Lake  Supeitar  region  bave  bem  anlgned  to  tbbclaa. 

•  la  Varbandl.  Oenlt.  D«at9ch.  NBturlrascher  und  Artt«,  1902.  Abstract  In  Oeog.  Jour.,  Tol.  20,  p.  530, 
IMS.  On  the  other  hand,  we  E.  H.  L.  Bohwan,  OaoL  Hag.,  IBM,  p.  293;  luid  J.  If.  UaclareD,ldem,  I«oa, 
p.  fill.  These  wiitan  regard  the  hot  waten  □[  Alrica  and  New  Zealand  as  originally  vadose.  The  same 
aonclnskin  la  rMched  b;  Arnold  Hague  relative  to  tbegeyaer  waters  oFthe  Yelloirstaae  National  Park. 
SeeBoTlbnei'aMag.,  May,lW>l,p.  III3,aadTnna.Am.Iiut.  Uln.  EQg.,Tol.  16,  ]887,p.  783;  also  his  prgsl- 
dentW  addnea  In  Bull.  Oeol.  Soc.  Amerloa,  voL  23, 1011,  p.  103,  and  SclenM,  vol.  33,  p.  fiK. 

•  See  lor  example,  W.  Lbidgren,  Eng,  and  llin.  Jour.,  vol.  TB,  IWS,  p.  490.  Alao  A.  C.  apenoer,Trana, 
Am.  Inst.  KM.  Eng.,  voL  S5, 1905,  p.  473;  voL  30, 1900,  p.  304. 

•  Compt.  Bead.,  toL  ISO,  1910,  p.  436.  Other  papers  beailiig  on  thlaaabject,  and  on  the  origin  of  tbe 
carbon  dioxide  oIm[n«aIwat«i3  are  by  R.  Delkfskamp,  Zoltaohr.  gagammta  EohlansKurojDdoatrle,  iwe. 
Not.  IS-U;  L.  De  Launay,  Annalee  dee  mlnea,  10th  sec.,  ToL  0, 1806,  p.  S;  F.  Hanrloh,  Zeltachi.  praM, 
OMiloele,  UIO,  p. »;  and  0.  Btutaer,  Idem,  p.  346. 


..Google 


214  THE  DATA  OF  QE0CHBMI8TBY. 

that  hydrogen  emitted  from  the  hot  interior  of  the  earth  acte  as 
a  reducing  agent  upon  metallic  oxides  and  so  forma  the  m^matic 
water  of  the  springs.  With  the  water  thus  generated,  other  water, 
that  of  constitution  from  minerals  like  the  micas,  is  commingled. 

THERMAL   8FRIN08    AND   YOIXHANISM. 

The  work  of  Gautior  just  cited  is  intimately  related  to  an  earher 
memoir,'  in  which  the  close  connection  between  volcanism  and  the 
formation  of  thermal  springs  is  shown.  His  work  will  be  consid- 
ered more  in  detail  in  a  later  chapter,  but  hia  general  conclusions 
may  be  cited  now.  When  a  crystalline  rock,  like  granite,  is  heat«d 
to  redness  in  vacuo,  water  and  gases,  the  latter  identical  in  character 
with  the  volcanic  gas^,  are  ^ren  oS.  For  instance,  to  cite  the  least 
significant  example,  1  cubic  kilometer  of  granite  can  yield  from  25 
to  30  milhons  of  metric  tons  of  water,  which  at  1,100°  woidd  form 
160,000,000,000  cubic  meters  of  steam.  In  addition  to  this  enormous 
volume  of  vapor  28,000,000,000  cubic  meters  of  other  gases  woidd  be 
emitted.  Suppose,  now,  that  by  fissuring  and  subsidence  in  the  Utho- 
sphore  such  a  mass  of  rock  were  carried  down  to  a  depth  of  25,000  to 
30,000  meters.  It  would  then  be  in  the  heated  re^on,  and  the  evolu- 
tion of  vapors  under  great  pressures  would  occur.  To  some  such 
changes  Qautier  ascribes  the  phenomena  of  volcanism,  with  all  its 
development  of  solfataras  and  fumaroles.  Ordinary  thermal  springs 
may  be  f  onned  by  the  same  process,  operating,  perhaps,  leas  violently, 
and  originate,  so  to  speak,  from  a  sort  of  distillation  of  the  combined 
water  contained  in  the  depressed  masses  of  Fock.  In  an  earher 
memoir '  Gautier  has  shown  that  granite,  heated  with  water  in  a 
scaled  tube  to  a  temperature  between  250°  and  300°,  yields  solutions 
contaiuing  sulphur  compounds  and  resembling  the  sulphur  waters  of 
hot  springs.  This  sulphur  he  ascribes,  not  to  the  decomposition  of 
mctaUic  sulphides,  hut  to  reactions  upon  sulphosihcates,  a  class  of 
compoimds  represented  in  natuire  by  haOynite  and  lazuritc,"  and  also 
by  certain  artificial  substances  which  Gautier  himself  has  prepared. 
He  also  supposes  that  carbon  oxysulphide,  (X^,  may  be  formed  in  the 
terrestrial  nucleus,  possibly  from  carbon  monoxide  generated  by  reac- 
tions between  oxides  and  metallic  carbides.  Here  he  enters  thp  field 
of  speculation,  where  it  is  not  necessary  for  us  to  follow  him.  The 
reactions  which  he  has  experimentally  established  are  sufhclently 
BU^;estire,  and  his  broad  general  conclusions  are  entitled  to  tixe  most 
respectful  consideration. 

1  Annalw  dca  minca,  lOtb  nr.,  vol.  9,  tOM,  p.  3ie.     A  good  abstcut  by  F.  L.  Ramsme  Is  gfv«n  In  Boon. 
Geology,  vol.  1, 1BQ6,  p.  88a. 
»  Compt.  Rend.,  vol.  132, 1901,  p.  UO. 
'  nelvlta  and  duuUU  m  oUkir  utnral  nilplujsUlcaui  which  might  •wU;  Mka  pvt  in  tho  wppaHd 
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ABd  yet,  notwithstanding  all  that  has  been  written  on  the  subject, 
the  controversy  over  the  genesis  of  hot  springs  is  not  closed.  What 
is  the  ori^n  of  the  carbon  dioxide  wiUi  which  so  many  mineral 
waters  are  heavily  charged  t  In  some  instances,  donbUess,  it  is 
derived  from  the  decomposition  of  limestones,  but  in  others  this  expla- 
nation can  not  suffice.  Here  and  there  it  may  be,  to  use  Suess's 
expression,  "juvenile,"  and  evidence  of  the  deep^eated  origin  of  a 
spring.^  Again,  whence  comes  the  sodium  chloride  of  waters  that 
flow  from  sources  where  it  could  not  have  been  previously  laid  down  I 
These  questions  and  others  like  them  stiU  await  satisfactory  answers. 
With  mere  suppositions,  however  plausible  they  may  seem,  we  can  not 
be  content. 

A  word  in  conclusion  on  the  radioactivity  of  spring  waters.  A  very 
large  number  of  such  waters  possess  this  property,  hut  no  distinction  ' 
between  vadose  and  juvenile  waters  can  be  based  upon  the  observa- 
tions. Waters  of  both  classes  are  radioactive,  but  the  phenomenon 
is  perhaps  most  common  among  waters  of  volcanic  origin,  or  at  least 
among  thermal  springs.  In  the  United  States  the  Hot  Springs  of 
Arkansas  have  been  studied  by  B.  B.  Boltwood.'  The  springs  of 
Missouri  *  and  the  Yellowstone  National  Park  *  were  investigated  by 
H.  Schlundb  and  R.  B.  Moore.  In  each  of  these  researches  radio- 
activity was  generally  detected,  but  with  varying  intensity  within  the 
same  group  of  springs.  On  the  radioactivity  of  European  waters 
there  is  a  copious  literature. 

BIBLIOGRAPHIC    NOTE. 

The  following  collections  of  water  analyses  will  l»e  found  useful  for 
reference : 

F.  Raspe.  Heilquellen-AnalyBen,  Dresden,  1S%^.     A  very  large  collection  of  analyees, 

mainly  of  European  mineral  waters. 
T.  E.  TaoaPH.  Dictionary  of  applied  chemiBlry,  article  "Water,"  vol.  3,  pp.  952-95S, 

1893.    Tables  of  analyses  of  European  mineral  epringa.     The  same  article  gives 

mucli  informalion  about  other  waters. 
J.  K.  Crook.  The  mineral  waters  of  the  United  States,  New  York  and  Philadelphia, 

1899. 
A.  C.  Pule.  The  mimeial  springs  of  the  Unit«d  States:  Bull.  U.  S.  Geol.  Survey 

No.  32,  1886. 
F.  A.  GoocH  and  I.  £.  Whttfisld.  Analyses  of  waters  of  the  Yellowstone  National 

Park:  Bull.  U.  S.  Geol.  Survey  No.  47,  1888. 
E.  Obton.  Rock  waters  of  Ohio:  Nineteenth  Ann.  Bept.  U.  S.  Geo!.  Survey,  pt.  4, 

1898,  p.  633.     Conlaina  many  analyses  of  deep  wells  from  various  horizons. 
W.  H.  NoHTON.  Arteeian  wells  of  Iowa;  Iowa  Geot.  Survey,  vol.  6,  1896,  pp.  117-428. 

<  On  vadoN  and  lavenlls  carbanla  acid  In  wBteia,  nee  an  slaborate  dbcimlon  by  R.  De&nkamp, 
Zaitacbr.prakt.  Oaologk,  ]906,p.  33;  rsvlgmd  bji  W.  limlgreu,  EcoD.  Oanlogy,  vol.  I,  leOft,  p.  603. 

■  Am.  Jooi.  Sd.,  1Ih»r.,TDl.  20, 1905,  p.  16S. 

'Tram.  A.m.  Elwtrooheni.  Boo.,T(d.g,  teos,  p.  ai.  SchlUDClt,  Jour.Phys.Chein.,  vol.  18,  p.W3,iell, 
hw  also  (todiBd  tlu  radlosctltlty  of  Colorado  iprls^. 

t  BulL  U.  B.  <l«aL  Burrcr  No.  3DS,  IWO. 
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J.  n.  Shxphbbd.  Arteaun  waOa  of  South  DiAola:  Bull,  Agr.  Exper.  Sla.  Soudi 

Dakota,  No.  41,  1695. 
3.  C.  Brannzr.  Miaend  wfttera  of  AikansaB:  Ann.  Kept.  Geol.  Surrey  ArkaDsu, 

1891,  vol.  1. 
E.  H.  S.  Bailxt  and  othen.  The  mmenl  watera  of  K&nau:  Kan  mm  Univ.  Geol. 

Survey,  vol.  7, 1902. 
P.  ScHWBiTZBB.  A  t«port  oa  the  minei&l  watcn  of  Muaouri'.  Geol.  Survey  Hinouri, 

vol.  3, 1892. 
W.  S.  Blatchlet.  The  mineral  watera  of  Indiana:  Twenty-sixth  Ann.  Bept.  Indiana 

Dept.  Geology  and  Nat.  Reeourcea,  1901,  pp.  11-225. 
A.  C.  Lake.  The  mineral  wa(«re  of  lower  Michigan:  Water-Supply  Paper  U.  S.  Geol. 

Survey  No.  31,  1899. 
S.  W,  McCalus.  Preliminary  report  on  the  mineral  springB  of  Geoi^:  Bull.  Geol. 

Survey  Geoigia  No.  20,  1913. 
W.  Anderson.  Mineral  springe  and  health  Mmrta  of  California,  San  Fnnciaco,  X892. 

Contains  many  analysee,  the  greater  number  of  them  by  the  author. 
G.  A,  WARitfo.  Springs  of  California:  IT.  8.  Geol.  Survey  Watm-Supply  Paper  No. 

338, 1914. 
L.  Db  Launat.  B^cherch^,  captage  et  am^nagement  dee  sources  thennomin^r^ee, 

Paris,  1899. 
A.  Carnot  and  otheie.  Analysee  of  French  and  colonial  mineral  waters:  Annales  dea 

mines,  8th  ser.,  vol.  7,  1885,  p,  79;  9th  ser.,  vol.  6,  1894,  p.  355;  vol.  16,  1899, 

p,  33.    These  three  papers  contain  584  analyses. 
£.  Jaoquot  and  E.  Willv.  Lee  eaux  mtn^iales  de  la  France,  Paris,  1894.     Many 

analyses  and  descriptions  of  the  springs. 

GuTON.  Etudes  sur  les  eaux  thermalee  de  la  Tunisie,  Paris,  1B84. 

M.  Hanriot.  Lee  eaux  min£rales  de  I'Alg^rie,  Paris,  1911. 

A.Raihondi.  AguasmineialeedelPerii:  £1  Perii,  eetudios  mineral^cos  y  geol^icoe, 

vol.  4,  1902,  pp.  235-394. 
L.  Darapsey.  Aguaa  minerales  de  Chile,  Valparaiso,  1890. 
E.  n.  DucLoux.  Aguae  minerales  alcalinaa  de   la  Republica  Argentina:  Revista 

Museo  de  la  Plata,  vol.  14,  pp.  9-52,  1907,     Other  analysee  are  in  vol.  16,  pp. 

51-120,  1909. 
E.  Abella  t  Casarieqo  and  J.  Db  Vera  t  GAmbz.  Estudio  dcBcriplivo  de  algunas 

manantiales  mineiales  de  Pilipinas,  Manila,  1893. 
A.  LivBRSiDOE,  W.  Seet,  and  G.  Grat.  Kept  Australasian  Anoc.  Adv.  Sci.,  1898, 

pp.  87-108.    A  collection  of  analyses  of  Australasian  mineral  waters. 
R.  IsHizu,  The  mineral  sprii^  of  Japan,    Tokyo,  1915. 
Dbutsches  BiiDBRBtTCH.  Leipzig,  1907.    A  compendium  of  information  relative  to 

the  mineral  springs  of  Germany. 

Many  other  analyses  of  waters  are  scattered  through  the  periodical 
literature  of  chemistry,  geology,  pharmacy,  and  medicine,  and  the 
reports  of  geological  surveys.  The  pubhcations  of  agricultural  experi- 
ment stations  also  contain  much  material  relative  to  artesian,  well, 
spring,  ^Mund,  and  drain^e  watera,  Daubrfie's  three  Tolumes  on 
"  Les  eaux  souterraines  "  contain  few  analyses,  but  much  infojTnation 
upon  mineral  springs.  T.  Sterry  Hunt,  in  his  "Chemical  and  geolog- 
icfd  essays,"  also  has  much  to  say  upon  the  orig^  of  natural  waters 
and  their  chemical  relations  to  one  another.  Bulletins  91  and  139 
of  the  Bureau  of  Chemistry,  United  States  Department  of  Agricul- 
ture, contain  many  analyses  of  American  mineral  watera. 
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CHAPTER  Vn. 

SALINE  RESIDUES. 

DEPOSITION   OP    SALTS. 

When  a  natural  water  is  coucentratec]  by  evaporation  it  deposits 
its  saline  constituents  in  the  reverse  order  of  their  solubility,  the  least 
soluble  firstj  the  most  soluble  last  of  olL  The  process,  however,  is 
not  so  simple  as  it  might  appear  to  be,  for  the  solubility  of  a  salt  in 
pure  w&t&c  is  one  thing  and  its  solubiHty  in  the  presence  of  other 
compounds  is  another.  Each  substance  is  affected  by  its  associates, 
and  its  deposition  is  partly  a  matter  of  concentration  and  partly  a 
question  of  temperature.  In  general,  the  character  of  a  saline  deposit 
can  be  predicated  from  the  character  of  the  water  which  yields  it; 
a  chloride  water  ^ves  chlorides,  a  sulphate  water  sulphates,  and 
waters  of  mixed  type  furnish  mixtures  of  compounds  or  even  double 
salts.  The  more  complex  the  water  the  greater  becomes  the  range 
of  possibihties. 

We  have  already  seen,  in  our  studies  of  river,  sea,  and  spring 
waters  what  a  variety  of  reactions  lead  to  the  deposition  of  insoluble 
sediments.  By  this  expression  I  do  not  mean  sediments  of  suspended 
matter,  like  clays,  but  precipitates  from  solution,  such  aa  sulphur, 
hydroxide  of  iron,  sinteo^,  tufas,  and  so  on.  These  substances  repre- 
sent something  more  than  the  results  of  simple  evaporation,  for  they 
are  produced  by  chemical  changes,  Uke  oxidation,  loss  of  carbonic 
acid,  etc.  We  have  now  to  consider  the  consequences  of  evaporation 
iteelf,  and  of  the  opposite  process,  re-solution,  in  which  nothing  is 
added  to  or  taken  away  from  the  reacting  system  but  water,  except 
in  so  far  OS  the  soluble  salts  are  successively  deposited  and  so  removed 
from  tiie  sphere  of  chemical  change.  In  salt  and  alkaline  lakes  we 
can  recognize  several  stages  of  this  process — the  precipitation  of  the 
relatively  insoluble  calcium  sulphate,  then  of  salt  or  sodium  sulphate, 
the  production  of  bitterns,  hke  the  water  of  the  Dead  Sea,  and  finally 
of  solid  beds  of  various  saline  materials.  What  are  these  saline  resi- 
dues, and  what  conditions  govern  their  formation? 

The  most  important  of  these  substances,  considering  the  magnitude 
of  the  deposits,  are  sodium  chloride  and  calcium  sulphate,  and  their 
most  probable  origin  is  the  evaporation  of  sea  water  or  its  equivalent 
in  either  ancient  or  modem  times.  The  two  compounds  are  commonly 
associated  the  one  with  the  other,  but  not  invariably,  for  gypsum  is 
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sometimes  derived  from  other  sources,  and  rock  salt  may  be  diasolved 
and  washed  away  from  a  given  locahty,  perhaps  to  be  redepoaited 
elsewhere.  Still,  the  concentration  of  Bait  water,  either  from  the 
ocean  or  from  lakes,  is  the  principal  source  of  these  deposits,  and 
that  phenomenon  we  may  well  consider  in  detail.  The  process  has 
been  going  on  from  Cambrian  time  down  through  all  the  intervening 
agee  to  the  present  day,  and  it  can  be  ot»erved  in  actual  operation  in 
many  accessible  localities.  A  salt  lake  dries  up,  or  a  body  of  water 
is  cut  off  from  the  sea  by  a  bar,  and  so  permitted  to  evaporate,  and 
a  bed  of  salt  is  formed.  Such  beds  are  lenticular  in  form — thick  at 
the  centers,  where  the  water  was  deepest,  and  thinning  out  toward 
tiie  edges ;  and  they  show,  as  a  rule,  the  same  alternation  of  material, 
but  with  variations  in  regard  to  completeness.  In  general,  the  fol- 
lowing alternations  are  observed:  First,  precipitates  are  formed,  such 
as  were  considered  in  our  discussion  of  mineral  springs;  then  calcium 
sulphate  is  deposited,  then  salt,  and  finally,  under  exceptionally 
favorable  conditions,  layers  of  the  more  soluble  compounds  which 
characterize  ordinary  bitterns.  This  order,  however,  is  subject  to 
seasonable  disturbances.  In  the  concentration  of  a  salt  lake  the  de- 
posits vary  with  the  temperature,  the  summer  and  winter  phenomena 
being  often  unHke,  AgMn,  evaporation  goes  on  during  a  dry  season, 
to  be  interrupted  by  a  flood;  and  in  the  latter  case  layers  of  silt  are 
deposited  from  time  to  time  over  the  saline  compounds  that  had 
previously  formed.  Alternations  of  gypsum,  salt,  and  clay  are  ex- 
ceedingly common  in  saline  deposits.  In  a  lagoon,  cut  off  from  the 
ocean,  a  break  of  the  sandy  barrier  or  an  exceptionally  high  tide  may 
admit  a  fresh  supply  of  material  for  concentration,  and  so  interrupt 
the  continuity  of  the  process.  Any  change  of  conditions  will  cause 
a  corresponding  change  in  the  character  of  the  substances  laid  down. 
Evidently  each  bed  of  salt  should  be  studied  individually,  if  its 
history  is  to  be  imderstood;  but  the  general  phenomena  in  the  con- 
centration of  sea  water  appear  more  or  less  completely  in  every  case 
and  in  essentially  the  same  order. 

CONCENTRATION   OF    SEA   WATER. 

In  1849  J.  Usiglio '  published  an  elaborate  study  of  saline  deporats 
from  Mediterranean  water,  the  samples  having  been  taken  at  sea, 
near  Cette,  but  several  miles  from  shore  and  at  a  depth  of  1  meter. 
The  water  itself  was  analyzed,  the  order  and  quantity  of  the  salts 
deposited  at  various  concentrations  were  determined,  and  analyses 
were  also  made  of  three  bitterns,  representing  different  densities  and 
different  stages  of  the  process.  The  four  analyses,  reduced  to  ionic 
form  and  to  percentages  of  total  sohds,  appear  as  follows: 

1  AmiBles  cUm.  phys.,  M  Bar.,  Tnl.  27,  IMS,  pp.  91, 173. 
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The  determinations  of  bromine  in  these  analyses  are  obvioTialy 
excessive  and  those  of  potassium  are  low,  but  otherwise  the  data  in  the 
first  column,  considering  the  time  when  they  were  made,  agree  fairly 
well  with  the  more  recent  figures  given  in  Chapter  III  of  this  volume. 
They  show,  first,  the  ehmination  of  calcium  as  carbonate,  and  later 
as  sulphate,  then  the  deposition  of  sodium  chloride,  and  finally  the 
accumulation  of  the  more  soluble  substances  in  the  mother  hquors. 

In  his  study  of  saline  deposition  Usiglio  started  with  5  hters  of 
sea  water,  and  determined  the  character  and  quantity  of  the  salts  laid 
down  at  successive  stages  of  concentration.  In  the  following  table 
the  results  of  his  experiments  appear,  but  are  reduced  to  the  initial 
unit  volume  of  1  liter.    The  quantities  given  are  in  grams. 


SaUtlaiddavm 

n  eoneenmaion  of  tea  taUer. 

Daatty.* 

Vohime. 

FerfV 

CaCO,. 

CtSO, 

!H,0. 

NbCI. 

UgBO^ 

MgCI,. 

».,.. 

KCL 

1.000 
.533 
.316 
.245 
.190 
.1445 
.131 
.112 
.095 
.064 
.039 
.0302 
.023 

l).0030 

D.0642 

Trace. 

.0530 

0.5600 
.5620 
.1840 
.1600 
.0508 
.1476 
.0700 
.0144 

3. 2614 
9.6500 
7.8960 
2. 6240 
2.2720 
1.4040 

0.0040 
.0130 
.0262 
.0174 
.0254 
.5382 

0.0078 
.0356 
.0434 
.0150 
.0240 
.0274 

).0728 

.0358 
.0518 

Tot 
Salts  in  1« 

SUD 

ildepodt.. 

.0030 

.1172 

1.7488 

27. 1074 
2.5885 

.6242 

1.8645 

.1532 
3.1640 

.2224 
.3300 

.0030 

.1172 

1.7488 

29.  6959 

2. 4787 

S.  3172 

.5524 

>ai*«nbr  UilgUolnBHiinddiBTMi.    BaiMed  han  in  tlie  usual  «P«cIAd  fnvltln. 


220  THE  DATA  OF  QEOCHEMIBTBT. 

Upon  further  conceatration  of  the  mother  liquors  UsigUo  obtained 
variable  results.  Mere  cooliog  from  the  temperature  of  day  to  that 
of  night  was  sufficient  to  precipitate  additional  magnesium  sulphat« 
which  redissolved  partially  the  day  following.  After  that  more  a&lt 
was  thrown  down,  then  the  double  sulphate  of  magnesium  and  potas- 
sium, next  the  double  chloride  of  the  same  metals,  and  finally  mag- 
nesium chloride  crystallized  out.  In  the  table  of  results  just  given 
the  order  of  deposition  is  clearly  shown.  First,  ferric  oxide  and 
calcium  carbonate;  then  gypsum;  then  salt,  the  latter  beginning  to 
appear  when  the  water  had  been  concentrated  to  about  one-tenth  of 
its  original  volume. 

In  its  general  outlines,  then,  the  concentration  of  sea  water  is  a 
simple  phenomenon,  but  in  its  details  it  may  be  very  complex.  The 
localities  at  which  it  can  he  completely  traced  are  comparatively  few 
and  the  natural  records  of  it  are,  as  a  rule,  defective.  The  mother 
hquors  are  easily  drained  or  washed  away,  leaving  no  trace  of  their 
existence,  and  some  saline  deposits  have  been  partially  redissolved 
and  laid  down  with  modified  composition  elsewhere.  Salt  and  gyp- 
sum may  thus  be  separated,  and  so  the  normal  order  of  their  associa- 
tion becomes  disturbed.  Beds  of  salt,  therefore,  may  be  divided 
into  classes — as  primary  and  secondary,  or  as  complete  and  incom- 
plete, according  to  their  saline  character  or  the  evidence  of  their 
origin.  Of  all  known  locaUties  the  region  around  Stassfurt,  in  Ger- 
many, gives  us  the  best  record  of  the  complete,  or  nearly  complete, 
process,  and  as  it  has  been  studied  with  imusual  thoroughness  we  may 
properly  consider  it  in  some  detail. 

Ocean  water,  as  we  have  already  seen,  contains  on  the  average 
about  3.5  per  cent  of  sohd  matter  in  solution,  so  that  the  mere  evapo- 
ration of  a  closed  lagoon  would  give  a  layer  of  salt  of  only  moderate 
thickness.  But  salt  deposits  may  be  enormously  thick — a  thousand 
meters  or  more,  as  at  Spcrenberg,  near  Berlin — and  the  existence  of 
such  masses  requires  some  explanation.  For  this  purpose  we  must 
assume  that  large  quantities  of  brine  have  accumulated  within  a 
limited  space,  such  as  a  deep  valley,  like  that  of  the  Dead  Sea,  or 
behind  a  bar,  as  su^ested  by  G.  Bischof,'  and  more  recently  by 
C.  OchseniuB.'  The  theory  developed  by  Ochsenius  is  briefly  as  fol- 
lows: lict  us  imagine  a  deep  bay,  connected  with  the  sea  by  a  narrow 
and  shallow  channel,  hut  otherwise  cut  off  from  oceanic  circulation  by 
a  bar.  If  no  large  streams  enter  the  bay  the  outfiow  from  it  will 
be  small,  but  sea  water  can  enter  freely  to  offset  the  losses  due  to 
evaporation.     Evaporation,  of  course,  takes  place  only  at  the  eur- 

'  Letarbuch  dsi  cfaemfachan  und  physltalbcheo  Gtoloele,  2d  «d.,  rol.  2, 1864,  p.  43. 

■  Die  BMung  der  SleiiisalLlae«'  uud  Oan  UaUaiuigaiaaln,  HiUe,  1877.  B«e  also  &shvt fapv  in  PTOO. 
Acad.  Nm.  Bci.  PhOadelphlai,  liw»,  p.  isi.  OchwnJus  n-as  sbsrpli'  crfUclied  by  J.  WalUicr  In  Das  OesMi 
dar  WQstanblldDng,  Balln,  IMO.  Ochsanhu  rsplled  tn  CsnUalbl.  Uln.,  0«al.  u.  Pal.,  IKO,  pp.  SSI,  SS7, 
aaCK  and  a  rajolnder  by  Walthei  sppterKI  tn  the  ume  Jauinal,  IMS,  p.  311.  SMalsoO.  E.  Bransan,  Boll 
Osgl,  Boc.  America,  vol.  ».  D.  331,  ISIS. 
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iace,  and  the  upper  layers,  thos  becoming  denser,  must  sink,  so  pro- 
ducing a  saline  concentration  at  the  bottom.  In  this  manner,  being 
continually  supplied  with  new  material  from  without,  the  salinity  of 
the  bay  will  gradually  increase  until  saturation  is  reached  and  the 
deposition  of  salt  b^;ins.  So  long  as  salt  water  can  enter  the  bay 
this  process  will  continue,  and  the  depths  of  the  basin  will,  in  time, 
1>ecome  a  solid  mass  of  salts,  covered  with  a  sheet  of  bittern.  If, 
meanwhile,  an  elevation  of  the  land  takes  place,  separating  the  bay 
completely  from  the  ocean,  evaporation  may  proceed  to  its  limit  axid 
the  mother  liquor  will  deposit  its  contents.  In  the  Karaboghaz 
and  other  bays  on  the  eastern  shore  of  the  Caspian  Sea  the  process 
of  saline  concentration  can  now  be  observed  in  actual  operation; 
but  only  a  part  of  the  program  has  yet  been  performed. 

This  theory  of  Ochsenius,  however,  is  not  the  only  one  possible 
to  account  for  the  concentration  of  salt.  It  must  be  remembered 
that  salt  is  not  deposited  from  sea  water  imtU  the  latter  has  been 
concentrated  to  about  one-tenth  of  its  original  volume.  Suppose, 
now,  a  large  sheet  of  water  to  be  cut  off  from  the  ocean  by  any  change 
in  the  level  of  the  land,  and  also  that  it  contains  within  its  area  a 
deep  depression.  In  that  depression  the  water  will  gradually  become 
concentrated,  and  its  saline  load  will  tend  to  accumulate  there.  The 
layer  of  salt  in  the  depression  would  be  of  much  greater  thickness 
than  one  formed  by  evaporation  over  a  comparatively  level  bottom, 
and  if  the  surface  area  of  the  depression  were  small  in  comparison 
with  that  of  the  original  sheet  of  water,  the  depth  of  the  deposit 
might  be  very  great.  Such  a  deposit  might  also  be  reenforced  by 
leacbings  from  other  salt  beds,  or  from  diffused  alt  in  adjacent  areas, 
a  process  which  is  now  going  on  in  the  valley  of  the  Dead  Sea. 
THE    STASSFUBT    SALTS. 

In  the  Stassfurt,  or,  more  properly,  the  Magdebui^-Halberstadt 
T^on,  the  order  of  deposits  is  as  follows,  going  from  the  surface 
downward:  * 

1.  Driit,  about  S  meteis  thick. 

2.  Shaiee,  sandstonee,  and  unconaolidated  clayB,  of  vuying  thicknen. 

3.  Younger  rock  salt,  thickneas  very  variable,  BometLuM  miaaiDg. 

■  Frem  data  glvan  b;  H.  Fncbt  In  Die  Sak-Iiidustile  von  Stusfurt  and  Umgcsend,  1S8B;  L,  Loewe. 
Zdlachr.  prafct.  OeoloEle,  1903,  p.  331;  H.  U.  Cadell,  Tram.  Edfcboixb  Qeol.  Soc.,  vol.  S,  18H,  p.  92;  and 
Q.  Loiiga  In  Tbofpa'g  DlatlniBiy  o[  appllnd  Gbemlstry,  vol.  3,  p.  Xi.  StK  also  C.  Oebaenlus,  OD  Locwe'a 
paps',  Zeilachi.  pnkt.  OsologiB,  1904,  p.  23:  and  on  tb«  potaah  lalti,  ld«in,  IWS,  p.  197.  J.  Wes^bal 
(Zeltacbi.  Bui-,  Hattm- n.  BallnenwaMo  preuss.  SL,  vol.  SO,  igoa,  p.  t)  baa  given  a  bistocy  ol  tha  Btusluit 
irerks.  An  Impoilant  manograpb  la  that  ol  E.  PlalSer,  naodbnch  del  Kalt-Indiulrle,  Draunschwelg, 
Ug7.  Forapapcrb;  J.CuiTle,3eeTraa3.  EdtaibutEbQeol.  Soc.,  val.8, 19CB,  p.403.  Othar  lefannoes  ma; 
be  liHUMl  In  a  blbltuenpby  ol  saline  mlneisls,  Zaltschi.  prakt.  Oeologle,  1906,  p.  183,  Dautscbluida  KaU- 
bfrgbtui,  BvUn,  1907,  contalna  papers  an  tba  geology  Dl  Cbaiiallne  beds  b;  H.  Svecdlnc,  and  their  cbem- 
Wiy,  b;  E.  Erdmann,  ffitb  exhauatiia  blbliograplilee.  Seeobo  C.  Rlenuuin,  Die  Geotogle  dor  deutschai 
SalxIaevsOtten,  SlassTun,  1004:  and  U.  E.  Boake,  Uebaialcbt  del  UbiaiBloKle,  PeOMgraphle  mid  OaologlB 
dar  KallnUUgWiUltlan,  Berlin,  1909.  llany  papen  relallTa  to  tbe  salt  deposits  are  In  the  JouitibI  Kail; 
but  tbe;  can  not  aU  t>e  noticed  bare.  A  recent  papv  by  O.Rledells  In  Zeltscbr.  Eryst.  MIn.,  toLGO,  1813, 
p.  131.  On  tbe  quantitatire  oompaattloD  ot  Uw  Stasifurt  beds  »b  U.  Bdcaa,  Zeitaobr.  anorg.  Cbamia, 
VOL  90, 191S,  p.  iTT. 
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4 .  Anhydrite,  rarely  lacking,  30  to  80  meters  thick. 

5.  Salt  clay,  average  thickness  6  b)  10  metere,  very  rarely  abBent. 

6.  The  camallite  zone,  from  15  to  40  meters  thick.     At  DouglaahaU  a  layer  of  rock 

Bait  intervenee  between  tlie  camallita  and  the  clay.  In  parts  of  the  field 
kaioite  overlies  the  camalUte,  ia  iteelf  overlain  by  "sylvinite"  or  "hartBalE," 
and  that  in  turn  by  schoenite.    These  eubzonea  are  often  miming, 

7.  The  kieeerite  zone. 

8.  The  polyhalite  zone. 

9.  Older  rock  salt  and  anhydrite.     Noe.  7,  8,  and  9  have  a  total  thickneea  ranging 

from  150  to  perhaps  1,000  meters.  The  anhydrite  forma  layers,  averaging 
7  miltimetere  thick,  eeparsting  the  salt  into  sheets  of  6  or  9  centimeters.  Those 
layers  have  been  interpreted  as  annual  deposits,  due  poeeibly  to  seasonal 
variations  in  temperature  or  to  altemati:^  drought  and  rain.  If  this  suppo- 
sition is  correct,  a  Stassfurt  salt  bed  900  meters  thick  would  require  10,000  yeara 
to  form. 
10.  Anhydrite  and  gypsum. 

We  have  now  a  complete  record  of  the  saline  deposition  at  Stasa- 
furt,  ranging  from  the  calcium  sulphate  at  the  bottom  to  the  mother 
liquor  or  camuUite  salts  at  the  top.  Above  the  camallite  a  protect- 
ing layer  of  clay  was  laid  down;  and,  after  that,  probably,  a  new 
accession  of  sea  water  b^an  the  formation  of  a  second  series  of  beds.' 
This  younger  salt  and  its  underlying  anhydrite  represent  this  later 
period,  which  has  no  chemical  relation  to  the  first.  So  much  for  the 
broad  outhnee.     Now  let  us  pass  on  to  the  details  of  the  record. 

In  the  Stassfiu't  deposits  more  than  30  saline  minerals  are 
foimd,  some  abundantly  and  some  sparingly.  Several  of  them  are 
r^arded  as  primary  minerals;  others  are  derived  from  these  by 
secondary  reactions;  a  few  of  the  species  are  simple  salta,  but  the 
greater  number  are  double  compounds.  Chlorides,  sulphates,  and 
borates  are  the  characteristic  substances,  but  in  kainite  we  have  a 
mixed  salt  cont^ning  two  acid  radicles,  and  the  rare  sulphoborite  is 
another  example  of  similar  complexity.  Carbonates  are  repre- 
sented but  sparingly,  and  their  normal  occurrence  is  probably  that 
of  the  "  stinkstone, "  or  bituminous  limestone,  which  has  been  found 
beneath  the  anhydrite.  Native  sulphur,  derived  from  anhydrite 
by  the  reducing  action  of  organic  matter,  is  sparingly  present  in  the 
salt  clay,'  and  more  abundantly  in  the  rock  salt  and  camallite. 
Pyrites  also  is  sometimes  found  in  the  deposits.  Bromine  is  present 
in  the  salts  and  also  iodine,*  and  copper  is  reported  by  W,  Bilta  and 

1  Bome  wrttais  regard  the  foungo'  eajt  as  baring  been  tormed  by  rewlnllan  of  alder  aalt  no 
bcTB.    As  the  dlsinisskm  IsKuloeical  sjid  Dot  chemLcal,  it  ia  UQBSSential  to  our  present  puzposa. 

•  PltWa.  Aicb.  Ptaarm.,  3d  nr.,  vol.  27, 1890,  p.  1134.  On  (be  salt  clay  we  E.  Uarcus  sad  W.  Bllta, 
Zeltacbr  sjiarg.  Chemle,  vol.  flS,  1810,  p.  91.  Vanadium  was  deleined  in  It.  Bee  also  Uarcns,  ld«m,  vol. 
77,  p.  119,  1912,  lor  many  analysra. 

•  OnbromineseeH.  E.  Boei:e,Zelt3Cbr.Kr;st.  Ufa.,  Tal.4S.  19(l§,p.3M.  Onlodtne,  A.Frank,ZeItschr. 
angevi.  Cbemle,  vol.  SO,  I0O7,  p.  1ZT9;  E.  Erdmann,  Idem,  vol.  23, 1910,  p.  312;  uid  K.  Krai*,  Inaog.  Diss, 
□alie,  1909.  Tbe  presence  of  Iodine  In  tbe  salts  of  Cbe  Btas;liirt  regian  proper  is  questionad  bj  Boeke, 
Erdmann,  and  Kraie,  Krste,  hawerer,  tOund  it  in  tbe  saltji  from  XcuStascfurt.  BlelcberDde.aod  Kalns. 
SeealsoK.  Koehllchen,  Kali.vol.  7,  l»13,p.  4S7.  Od  rubidium  Id  potaab  Wits  see  £.  WlUu,  £■!!,  vd.  S, 
1013,  p.  24S. 
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K.  Marcos,  as  well  as  ammonium  and  nitrates.*  Helium  occurs  in 
the  salts  in  traces.' 

The  essential  compounds  are  chlorides  and  sulphates,  and  as  the 
latter  are  represented  by  the  oldest  of  the  important  strata  they  may 
be  considered  first.    The  sulphates  found  at  Stassfurt  are  as  follows: 

Anhydrite CaSO.. 

Gypmim* ■ CaS0,.2n,0. 

GUuberite CaSO^.SajSO,. 

Polyhalite 2CaS04.Mg804.K^04.2H,0. 

Kragite 4CttSO,.MgSO,.K^,.2n,0. 

Kieeerite MgSO,.H,0. 

Epwmite MgSO.JHjO  (reichardtite). 

Vanthoffite MgSOj.SNa^O,. 

Bloedite MgSO,.Na^O,.4HjO  (aatrakwiite). 

LoOTrite MgSO,.N«^0..2iHjO. 

Langbeinite 2MbS0^.KjS0,. 

Leoaite MeS0«.K^0^.4H,0. 

PicTDmerite MbSO,.K^04.6H50  (schoenite). 

Aphthitalite K,Na<SOj),  (glaserito).' 

Kainite MgSO.KCl.aH.O. 

Celestite,  SiSOt,  is  also  sometimes  found  in  these  deposits. 
If  we  now  study  these  compounds  with  reference  to  their  ori^, 
we  shall  find  that  the  primary  deposition  followed  approximately  in 
the  order  of  their  hydration.  Anhydrous  calcium  sulphate,  anhy- 
drite, forms  the  lowest  member  of  the  series,  and  gradually  mei^es 
into  the  older  salt.  In  the  latter,  glauberite  and  langbeinite,  both 
anhydrous,  first  appear,  although  they  also  occur,  always  as  second- 
ary minerals,  higher  up.  According  to  H.  Precht,*  langbeinite 
replaces  polyhahte  when  the  calcium  sulphate  needed  to  form  the 
latter  mineral  is  present  in  insufHcient  quantity.  PolyhaUte,  in 
which  the  ratio  of  the  sulphate  molecules  to  water  is  as  four  to  two, 
comes  next,  forming  an  important  part  of  the  upper  layers  in  the 
older  salt,  and  is  followed  by  the  monohydratcd  kieserite.  Krugita, 
which  is  still  lower  in  hydration,  occurs  with  polyhalite  in  the  younger 
salt,  so  that  the  two  species  may  be  regarded  as  equivalent  and 
contemporaneous.  The  more  highly  hydratcd  species,  bloedite, 
loewite,  picromerite,  and  leonite,  are  principally  found  in  the  kainite 
r^on  above  the  camaUite,  and  epsomite,  witii  its  seven  molecules 
of  water,  is  deposited  in  the  salt  clay.    The  anhydrous  aphthitahte 

I  Zaltachr.  mag.  Cbemle,  vol.  ez,  19W,  p.  183;  vol.  M,  19aa,  p.  23». 

1 R.  J.  fitmtt,  rroc.  Roy.  Boo.,  vol.  SI,  sn.  A,  IWS,  p.  278.  E.  Erdmanii,  B«i.  DmitMb.  diem.  OaeU., 
TOL  43,  leiO,  p.  TTT.    S.  Volmtluer,  Kail,  vol.  B,  IBia,  p.  1. 

•  rrobabl)',  a>  A.  Oaitber  (Lkblg's  AmuUan,  vol.  31S,  IHS3,  p.  3(r7)  has  ahovn,  the  fiKiuula  here  glvo) 
to  gypoum  should  ba  doubled.  It  then  becomcg  C»t^t.*StO,  and  the  hamlhyilntc,  CaiS,Ot.Hi0,  a 
waU-known  utEflclal  oompouDd,  f  umishfs  evidence  In  favoi  of  the  blgber  (onoula. 

•  Acosdlne  lo  B.  Gcemar  (ZeJtschi.  Ki^st.  Ulu,,  vol.  30,  IBM,  p.  ISi)  gbwilte  b  ■  ddnlU  gpecles  vKh 
the  ronmila  given  above.  I.  H.  Ven't  HoD  and  H.  Barschall  (Zeltschr.  phTsIkal.  Chemie,  vol. »,  lOOe, 
p.  312]  qutstlon  thede&nlUnffis  of  the  mineral,  and  legaid  It  as  a  mixture  ol  the  two  oamponent  nilfdiBlaa. 

t  Zeltaehi.  aogew.  Chembi,  1997,  p.  M. 
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ia  a  secondary  mineral  in  the  kainite,  and  vanthoffite,  also  anhydrous, 
ia  associated  with  aphthitaht«  and  loewite  in  the  same  horizoD.  The 
loewite  is  prohahly  formed  by  dehydration  of  bloedito,'  and  the 
vanthoffite  by  a  reaction  between  bloedite  and  sodium  sulphate,  the 
process  being  modified  by  the  presence  of  other  substances.  The 
langbeinite  of  the  kainite  region  is  commonly  regarded  as  a  secondary 
product,  but  it  may  have  been  one  of  the  parent  species,  for  F.  R. 
Mallet,'  who  baa  described  this  mineral  as  found  in  the  Punjab  salt 
range  of  India,  observed  that  on  exposure  to  moist  air  it  gained  57 
per  cent  in  weight  and  altered  into  a  mixture  of  epsomite  and  picro- 
merite.  On  the  other  hand,  langbeinite  itaelf  may  be  derived  by 
various  reactions  from  other  Stassfurt  species,  such  aa  leonite, 
kainitej  kieserite,  and  picromerite,  as  Van't  Hoff  and  Meyerhoffer 
have  shown.  The  fact  that  a  given  salt  may  be  produced  by  several 
different  reactions  warns  us  to  be  cautious  in  making  assertions  as 
to  its  origin  at  any  specified  point.  Concentration  and  temperature 
are  two  of  the  determining  factors  in  the  deposition  of  salts,  and  the 
possible  reactions  are  also  profoundly  modified  by  the  presence  of 
other  compounds.  Van't  Hoff  and  his  colleagues  have  determined 
experimentally  many  of  the  conditions  under  which  the  Stassfurt 
minerals  occur  or  can  be  produced,  and  find  that  their  temperatures 
of  formation  in  a  saturated  solution  of  common  salt  are  lower  t^an 
in  the  absence  of  that  compound.  The  elaborate  researches  of  these 
authors,  however,  are  not  available  for  abstraction  here,  partly 
because  they  are  complicated  by  diagrams,  and  partly  because  iixe 
investigations  are  still  being  continued.  Only  in  a  special  mono- 
graph upon  the  Stassfurt  beds  could  all  the  detaib  of  their  investi- 
gations be  adequately  discussed.* 

The  chlorides  found  in  the  Stassfurt  r^on  are  as  follows: 
Halite  or  rock  salt,  NaCl. 
Sylvite,  KCl.    "Sylvinite"  is  a  mixture  of  aylvite  and  xoek  salt,  while  the  "Hart- 

salz  "  contains  these  substances  together  witii  kieserite. 
Douglaflit«,  KjFeCl,.2H^.(7) 
CaniaUite,  KMgCl,.6H^. 

Tftchhydriie,  2MgCl,.CaCl,.12H^=3(ECl,.4H^).» 
Bifichofit«,  UgCl,.GH^. 

>  Sm  J.  H.  Van't  HoS,  SlttOD^.  Aksd.  Berlin,  1B02,  p.  414.  Abo  Vim't  Hoff  and  W.  Utjtfiii^lv, 
Idam,  1«03,  p.  STBi  1904,  p.  CSt. 

>  Xhunioe.  Uag;  vol.  II,  1899,  p.  lEt. 

I  Van't  HofT  uul  Ills  assorlaUB  Iutb  altsadf  publMied  Bbnut  Olty  papen  on  tbe  SUssfUrt  ralu,  In 
BlUungsb.  Alnd.  Bnlln,  rtom  1S97  to  1907.  See  abo  Vin't  Hoff,  Pbrekal  chemistrr  in  tbe  Mrrloe  ol 
the  sclsncts,  Chicago,  1W3:  Zui  BDdung  der  ocaaolsdwi  Salisblaevungen,  Braunschw^,  19aG;  and  in 
addiM9 in  Bar. Internat,  Kong, BDgew.CheaiJe,  Berlin,  1903.  AlKsuaanarlesbyE.F.Ainatrtmf.TTtn. 
BHtbh  Ansae.  AdT.  Scl.  IWl,  p.  3S2,  sod  E.  Jlnecke,  Zeltachr.  anirg.  Chemle,  ISOS,  p.  7.  For  a  Eraphlo 
rapieaealatkinartboalJiuiBsaoclallonsEnaboH.  E.  Boekc,  ZelUcbr.  Kryat.  Uin.,val.  (T,  1910,  p.  273. 

>  BoAt,  In  a  prtrate  comniunicstkin,  suKceBta  that  U  the  fonnub  otounslUte  fa  doubled,  to 
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With  the  exception  of  the  rock  salt,  which  forma  the  great  mass 
of  the  deposits  overlying  the  anhydrite,  these  chlorides  represent  the 
concentration  of  the  mother  liquors  in  the  camallite  zone.  They  were 
the  most  soluble  compounds  potentially  existing  in  sea  water,  and, 
with  the  Bulphato-chloride,  kainite,  were  among  the  last  substances 
to  crystallize.  Halite  and  douglasite  were  distinctly  primary 
deposits;  camaUite  was  generally,  and  sylvite  occasionally,  primary; 
tachhydrite  and  bischofite  were  secondary  products.  Kainite  was 
sometimes  one  and  sometimes  the  other.  The  "Hartsalz,"  according 
to  Van't  Hoff  and  Meyerhoffer,'  is  a  secondary  product  formed  by  the 
action  of  solutions  upon  a  mixture  of  camallite,  kieserite,  and  sodium 
chloride,  which  was  preceded  by  the  splitting  up  of  kainite  into 
sylvite  and  kieserite.  Hie  kainite,  in  its  most  conspicuous  develop- 
ment, lies  between  the  camallite  and  the  "Hartsalz."  From  the  car- 
oaOite  itself,  sylvite  and  bischofite  may  be  derived,  or  it  may  be 
formed  by  the  direct  union  of  these  species,  which  are  its  two  com- 
ponenta.  According  to  C.  Przibylla,'  when  sylvite  and  bischofite 
combine  to  form  camallite,  there  is  an  increase  of  4.95  per  cent  in 
volume.  Possibly,  therefore,  the  formation  of  camallite  at  low  levels 
is  prevented  by  pressure. 

In  one  essential  respect,  the  foregoing  paragraph  demands  qualifi- 
cation. According  to  Boeke  *  the  existence  of  douglasite  is  doubtful. 
Another  mineral,  rinneite,  discovered  by  him  in  the  "Hartsalz"  of 
Saxony  and  the  Harz,  has  the  formula  PeCl,.3KCl.NaCl.*  The  sub- 
stance named  douglasite  may  have  been  identical  with  this.  Boeke, 
moreover,  r^ards  the  "Hartsalz"  as  a  direct  deposition  for  the 
reason  that  it  is  distinctly  stratified. 

Two  other  chlorides,  not  found  at  Stassfurt,  have  been  described 
{torn  similar  deposits  in  adjacent  regions.  Koenenite,  discovered  by 
F.  Binne  *  in  salts  from  Volpriehausen  in  the  Sollingerwald,  has  the 
complex  formula  Al,0,.3Mg0.2MgCt3.6  or  8H,0.  Baeumlerite,  from 
the  lieine  valley  in  Hannover,  according  to  O.  Renner  *  is  KCl.CaClj. 

With  the  caivaUite  and  its  overlying  potassium  salts,  the  borates 
generally  occur.  They  are  boracite,  sulphoboiite,  pinnoite,  aschar- 
ite,  and  heintzite;  one  other,  hydroboractto,  is  found  earher  in  the 
series,  near  tjie  lower  limit  of  the  polyhahte  zone.    These  species  are 

1  Sttan^b.  Ak»l.  Beriln,  1*02.  p.  IIM.    S«  alao  J.  H.  Van't  BqB,  F.  B.  EwilGk,  and  H.  U.  Dswnm, 

Zcttaebt.  phyilkal.  Cbnil*,  vol.  as,  ISOI,  p.  27,  on  tbe  condltkRii  oC  hirmatlm  or  tacbli7ililla. 
■  Ccotnlbl.  Uln.,  Onol.  n.  Pal.,  1904,  p.  3M. 

•  NaDMlobrb.,  Itoe,  Bd.I,p.  IS.  For  tba  flist  dsacrlptlon  o(  rinneite,  sm  CvitnlU.  Uln.,  Oaol.  a.  Pal., 
19(»,p.73.  OnthasyatJiHliotrlnnBlleueBoeke.aitisiuiRsb.Akad.BacllD.ToI.It,  wa,p.<e3.  Bocks 
hudeatrlbedchalniaaoinpaundaDf  tbeBMssturtbediluNiueiJahrb.,  IBll,  Bd.  l,  p.  4S,  and  CtotnlU. 
Kb.,  OddI.  n.  Fal.,  1911,  p.  48.    Bee  (Ik  F.  Rhuwand  R.  Edb,ldeiii,  p.  3ST. 

•  O.  Bchnefate  (Centndbl.  Uln.,  Oeol.  o.  Fal.,  1909,  p.  (03)  ragudt  the  NaCI  at  rtnnelte  ai  a  mgctianioal 

•  Cmtnlbl.  Mb.,  OeDl.  n.  Pal.,  1901,  p.  403. 
>Idein,Wll,p.lOt. 

97270"— Bull.  616—16 16 
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relatively  rare,  except  the  boracite,  and  it  is  not  neceesary  to  consider 
them  any  furtiier  at  this  point,  for  their  occurrence  tells  us  little 
about  the  main  phenomena  of  saline  concentration. 

We  must  not  suppose,  for  an  instant,  tJiat  these  zones  of  deposition 
are  regularly  and  completely  separated,  nor  even  that  they  represent 
in  any  close  d^ree  the  products  observed  in  the  artificial  evaporation 
of  sea  water  or  brine.  In  the  latter  case  a  moderate  quantity  of  water 
m  concentrated  by  itself;  at  Staasfurt  more  water  was  continually 
added  from  the  ocean.  On  the  one  hand  calcium  sulphate  is  deposited 
almost  wholly  at  one  time;  on  the  other  new  quantities  were  precipi- 
tated so  long  as  Uie  evaporating  bay  retained  its  connection  with  ^e 
sea.  In  the  salt  pan  gypsum  forms  a  bottom  layer  before  salt  begins 
to  separate  out;  at  Stassfurt  anhydrite  is  found  in  greater  or  less 
amount  tiuough  all  the  zones,  and  so  also  is  the  sodium  chloride. 
When  a  shallow  lake  or  isolated  lagoon  evaporates,  the  artificial 
process  ia  closely  paralleled,  but  a  concentration  with  continuous 
replenishment  lasting  for  thousanck  of  years  is  a  very  different  thing. 
Ilie  principles  are  undianged,  the  broad  outlines  remain  the  same, 
but  the  details  of  the  process  are  greatly  modified. 

E.  Erdnuum  *  regards  the  Stassfurt  salts  as  having  been  formed 
from  a  shallow  portion  of  the  Permian  ocean,  which  covered  a  great 
part  of  North  Germany  and  became  isolated  from  the  main  sea. 
Hie  evaporation  products  collected  in  depressions  of  the  land  and 
were  reinforced  by  calcium  sulphate  from  fresh-water  affluents. 
Sea  water  alone  contains  too  little  calcium  to  account  for  the  anhy- 
drite present  in  the  beds.  Walther's  views  are  similar.  Both  reject 
the  "bar"  theory. 

We  are  now  in  a  position  to  trace  more  distinctly  the  phenomena 
fdiich  attended  the  formation  of  the  beds  at  Stassfurt.*  For  a  long 
time  only  gypaum  was  deposited;  but  later,  as  the  concentration  of 
the  bay  increased,  salt  also  was  laid  down,  and  by  its  action  the  gyp- 
sum was  converted  into  anhydrite.*  From  this  point  onward,  for  a 
considerable  period,  the  calcium  sulphate  derived  from  the  infiux  of 
sea  water  above  fell  through  a  deep  layer  of  concentrated  brine  and 
was  deposited  directly  as  anhydrite,  in  alternating  layers  with  the 
salt.*  When,  however,  so  much  salt  had  been  precipitated  that  the 
supernatant  solutions  had  become  bitterns  rich  in  magnesium  salts, 
the  calcium  sulphate  united  with  these  salts,  and  polyhalite  was 
formed.    The  polyhalite  region  at  Stassfurt  ia  essentially  a  bed  of 

■2ellsclir.aiic«ir.Cluml«,yol.3t,igas,p.lB8S.  AihoctftddlthmaloommiiiikatloDbyETdmaniiblntlM 
mmt  lonniil,  ml.  33,  ima,  p.  338. 

>Cf.  O.lMiiigB,  Tborpv'idlctkniatyafappUadabanlibTiTol.l,  ISOS,  p.3t8. 

■  Aooordtav  to  1.  H.  Van't  HolT  and  ?.  Wdgst,  Sftinnssb.  K.  Abd.  Wim.  Bvtfn,  IMl,  p.  11M,  Hihy. 
drlte  fOnm  from  grpeuni  In  sodium  obloilde  BalQttoiia  at  30*.  Insm  vatartbetnnilbrniMlDiilakaplaoa 
«J6'. 

•Cr.J.n.Vtn>tIIaffBndP.Faiup,SI(nn«sb.Ak>d.BwUii,  ig03,p.  ion.  B.  Vat«r([d«in,  imi],p.37l]) 
d licuMW  mariiw aniirdrtt*,  and  kIt«  many  rafcrenccs  lo  lltovtore.  Atordlnary  tempantuna,  HMrdlng 
to  ViMr,  isaleliim  aulpbalo  cryitallliaa  llom  a  satnnttod  solntbn  ol  nit  in  ttaa  tana  of  gypaum. 
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rock  salt,  cont&iimig,  with  other  impuritiea,  from  6  to  7  per  cent  of 
the  new  mineral.  Possibly  eyngenite,  CaKj(SOj),.H,0,  a  apedee 
which  occurs  in  a  similar  deposit  at  Kalusz  in  Galicia,  but  which  does 
not  seem  to  be  recorded  from  Stasafurt,  waa  first  produced.  Syn- 
genite  may  he  prepared  artificially  by  the  direct  action  of  potassium 
sulphate  upon  gypsum,  and  it  is  converted  by  strong  solutions  of  mag- 
nesium chloride  and  sulphate  into  polyhalite.'  The  occurrence  of 
syngenite  at  Kalusz  is  below  the  potassium  s^ts,  in  rock  salt  contain- 
ing anhydrite.  It  is  ther^ore  the  equivalent  in  position  of  polyh^te.* 
As  the  concentration  of  the  magnesian  mother  liquors  increased, 
kieserite  was  produced,  the  dehydrating  action  of  magnesium  chlo- 
ride preventing  the  formation  of  epsomite.  H.  Precht  and  B.  Witt- 
Jen  *  have  shown  that  when  magnesium  chloride  and  sulphate  are 
dissolved  together  and  the  solution  then  evaporated  upon  the  water 
bath,  kieserite  separates  out.  Thus  the  kieserite  zone  was  formed, 
which  contains,  on  an  average,  65  per  cent  of  rock  salt,  17  of  kieserite, 
13  of  camallite,  3  of  bischofite,  and  2  of  anhydrite.  At  this  point 
polyhalite  disappears.  The  last  step  in  the  concentration  was  the 
formation  of  camallite,  with  its  associated  minerals,  from  the  chlo- 
rides which  had  hitherto  remained  in  solution.  The  average  com- 
position of  this  zone  is  55  per  cent  of  camallite,  25  of  rock  salt,  16 
of  kieecrite,  and  4  of  various  other  minerals.  The  kainite  layers 
above  the  camaUite  were  probably  formed  by  the  action  of  perco- 
lating waters  upon  the  latter  mineral,  in  presence  of  some  kieserite. 
f^ally,  a  protecting  layer  of  mud  or  day  was  laid  down  over  the 
mass  of  salts,  preventing  in  great  measure,  but  perhaps  not  entirely, 
their  subsequent  re-solution.  Into  all  of  the  foregoing  reactions  one 
element  entered  which  counts  for  little  in  their  imitation  on  a  small 
scale — namely,  the  element  of  time.  The  prolonged  action  of  the 
mother  liquors,  during  thousands  of  years,  upon  the  earlier  deposits, 
must  have  been  much  more  thorough  than  their  effect  during  an 
experiment  in  the  laboratory.  In  the  latter  case  the  solid  deposits  are 
usually  removed  from  time  to  time,  so  that  the  procedure  does  not 
accurately  repeat  the  operations  of  nature.  These  considerations 
should  especially  be  taken  into  account  in  studying  the  transforma- 
tion of  gypsum  into  anhydrite,  or  the  reverse  reaction  which  has 
often  been  observed.'    B^s  of  anhydrite  may  take  up  water  and  be 

1 B.  E.  Baacb,  SHsnu^b.  E.  Akad.  Win.  Btflu,  IMO,  p.  1064. 

■A.AJiiHr(Oat«T.  ZalCMhi.  BiTt-a.  Emtatnr.,  ISOl.p.  (IM)bW  dtnslbed  tb*  Amtrlan  pol^hallts. 
F«  MMljm  of  kafolte,  caraaljlte,  etc,  tram  Eahm  and  AmsM,  ne  C.  vaa  Jabn,  Tabrb.  E.-k.  gaol. 
BdehsalMtalt,  vol.  t3,  1982,  p.  341.  On  mkablUla  from  Ealim,  sea  B.  Zalodaekl,  Unnatah.  Chonla, 
vol.  IS,  IflR,  p.  504.  TvQ  papm  on  tbe  potub  Wlta  of  Aosbria  and  lbs  Tyrol  b;  R.  Qtkfej  an  In  UId. 
pat.  Ultt.,  vol.  18,  1900,  p.  33*.  and  vol.  2S,  1010,  p.  148.  OOrttj  (tdam,  vol.  31, 1913,  p.  339)  has  also 
dcaaftxd  the  potash  salts  of  Wittabhebn,  AlaWM. 

■  Bar.  DeulKb.  chem.  OshII.,  vol.  14,  lSSI,p.  3131. 

•  CI.  F.  Hammenchmldt,  Wn.  pal  Ultt.,  toI.  S,  ISSa-fa,  p.  371;  and  J.  r.  ICoCalab,  Am.  Cbam.  Jour., 
vol.  II,  ISW,  p.  34. 
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reconverted  into  gypsum  throu^  considerable  depths,  as  at  Bex  in 
Switzerland,  where  the  alteration  has  reached  a  thickness  of  60  to 
100  feet.  Time  is  an  important  factor  in  all  such  transformations, 
especially  when  one  of  the  reacting  bodies  happens  to  be  a  solid  of 
relatively  low  solubility. 

The  temperature  conditions  which  governed  the  deposition  of  the 
Stassfurt  salts  are  briefly  summed  up  by  Van't  Hoff  '  as  follows: 

1.  Glaubwite,  fonnod  above  10°, 

2.  Langbeinite,  formed  above  37°. 

3.  Loevite,  formed  above  43°. 

4.  Vanthoffite,  formed  above  46°. 

6.  Loewite  with  glaserite,  formed  above  57°. 

6.  IriMwito  with  vanthoffite,  formed  above  60°. 

7.  Eiewrite  with  sylvite,  formed  above  72°. 

This  scale  of  temperatures  is  designated  as  a  "geological  ther- 
mometer," and  gives  us  something  like  a  definite  idea  of  past  condi- 
tions in  the  Stassfurt  beds.' 

OTSER   8AI/r  BEDS. 

The  Stassfurt  deposits,  as  has  already  been  indicated,  are  alto- 
gether exceptional  in  their  completeness.  Rock  salt  is  generally 
found  in  much  thinner  deposits,  and  as  a  rule  it  is  unaccompanied 
by  potassium  or  magnesium  salts  in  any  notable  quantities.  Gypsum 
or  anhydrite,  however,  is  commonly  present,  either  under  the  salt 
or  in  its  near  neighborhood.  Where  gypsum  is  absent  we  may  infer, 
with  a  fair  degree  of  probability,  that  the  salt  is  of  secondary  origin 
and  not  derived  directly  from  sea  water,  or  that  it  came  from  the 
evaporation  of  a  salt  lake  which  contained  either  no  caloimn  or  no 
sulphates.  Gypsum,  of  course,  cannot  form  unless  its  constituents 
are  at  hand.  Furthennore,  gypsum  may  be  produced  otherwise 
than  from  the  concentration  of  sea  water,  and  it  may  exist  as  a 
remainder  where  the  more  soluble  salts  have  been  washed  away.  It 
can  occur  independently  of  or  concomitant  with  the  presence  of  rock 
salt,  and  each  locality  must  be  considered  on  its  individual  merits. 
On  some  small  coral  islands  in  the  Pacific  gypsum  is  foimd  as  a  resi- 
due from  the  evaporation  of  lagoons,  in  beds  which  may  reach  2  foot 
in  thickness.*  Here  the  origin  from  sea  water  is  evident.  On  the 
other  band,  waters  containing  little  or  no  salt  often  deposit  gypsum. 
I.  C.  Kussell,^  for  instanco,  has  described  such  a  deposit  at  Fillmore, 

>  Zidtechr.  E1g1ctT0«bBmle,  vol.  11,  LSOS,  p.  709. 

■  The  icluitlfic  lavBstlgatlon  oT  the  Stassfurt  saltg  IB  balng  continued  by  a  society  fcrmed  for  that  pur- 
pose.  For  a  list  ol  the  publltaUoni  of  Its  memlNrs  see  Vu't  Hotl,  Sitnmesb.  E.  Akad.  Wlas.  B«lln,  No. 
3»,mO,p.T!3. 

>  I.  D.  Dana,  Uanual  ol  gedogy,  4th  ed,,  p.  130.  On  the  Cb-Indos  (India)  salt  beds,  vblch  ooDtaln 
potasshunaaltSiSeeW.  A.K.  Cbrlslle,  Red.  Qeol.  Surrey  India,  vol.  41, 1914,  p.  311. 

•  Moa.  U.  8,  aeol.  Survey,  voL  11,  ISSS,  p.  84.  Th«  depcdtlon  ol  gypsum  by  Lake  Chhauo-Eanab, 
Yucatan,  wu  mentioned  in  Chapter  V. 
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Utah,  which  covers  aa  area  of  12  square  miles  aud  has  been  opened 
to  a  depth  of  6  feet  without  reaching  bottom.  Gypsum  is  also  com- 
mon as  an  efflorescence  or  incrustatioa  in  caves,'  and  it  can  be  pro- 
duced by  the  alteration  of  other  rocks.  The  oxidation  of  pyritra  in 
limestone  may  form  gypsum ;  or,  as  was  shown  in  the  preceding  chap- 
ter, it  can  originate  from  double  decomposition  between  other  metalUo 
sulphates  and  calcium  carbonate,  L,  W.  Jowa,'  for  example,  pre- 
pared selenita  in  measurable  crystals  by  the  action  of  a  solution  of 
ferrous  sulphate  on  chalk. 

In  the  Salina  formation  of  New  York  gypsum  occurs  above  the 
salt,  and  its  presence  is  attributed  by  Dana  *  to  the  alteration  of  the 
overlying  "  Waterlime"  beds.  In  this  region  the  salt  occurs  in  layers 
intorstratified  with  shales,  a  series  of  shallow-water  deposits  having 
been  successively  covered  by  bodies  of  mud  or  clay.*  At  Goderich, 
Canada,  a  similar  but  not  identical  alternation  has  been  observed.* 
Here  a  boring  1,517  feet  deep  revealed  dolomite  and  anhydhte,  and 
above  that  were  six  beds  of  salt  alternating  with  similar  materials. 
The  uppermost  salt  was  struck  at  1,028  feet,  and  at  876  feet  dolomite, 
with  seams  of  gypsum,  was  found.  The  anhydrite  at  bottom  was 
probably  normal;  but  what  the  upper  gypsum  signifies  is  not  clearly 
shown.  It  may  be  the  b^;iuning  of  an  unfinished  concentration,  or 
else  quite  independent  of  tiie  salt  below.  Throughout  the  region  of 
salt  more  or  less  anhydrite  was  found,  but  potassium  compounds 
were  either  absent  or  present  only  in  traces.  Neither  in  New  York 
nor  in  the  Goderich  deposits  were  the  mother  liquors  permitted  to 
crystallize.' 

The  great  salt  deposits  of  Louisiana  and  Texas  are  associated  not 
only  with  gypsum  but  also  with  sulphur,  sulphurous  gases,  and 
petroleom.  At  first,  before  the  petroleum  was  discovered,  the  salt 
beds  were  regarded  as  of  marine  origin.'  Later,  R.  T.  Hill'  inter- 
preted them  as  derived  from  hot  saline  waters  rising  from  great 
depths,  and  a.  similar  view  was  put  forth  by  L.  Hager.'  E.  Coate," 
a  strenuous  advocate  of  the  volcanic  ori^  of  petroleum,  has  ai^ed 
that  the  salt  is  its  obvious  companion,  but  his  argument  is  hardly 
conclusive.    Sodium  chloride  is  known  as  a  volcanic  sublimate,  and 

>  8«  0.  F.  Uttrfll,  Proo.  U.  S.  NbL  Una.,  vol.  IT,  IW,  p.  H. 

•  AimalcB  Son.  g«ol.  Baljilqiu,  toL  33, 1996-89,  p.  czzrUL 
■  Uoncalol  geology,  4th  ed.,  p.  EM. 

«S»sectlain  given  In  Bull.  New  York  Stats  Uxa.  No.  11, 1893. 

>  T.  B.  Hunt,  OeoL  Survey  Canada,  Ript.  Piogren,  1876-77,  p.  211. 
•The3olublUt;o[c&iclumaiilphal«,gnnuin,  anhydrite,  etc.,  In  vnt«r  asd  variona  ■olatkina  bm  bMO 

fkbcrataly  studied.  See  an  exoeOetit  annunary  by  F.  E.  Cameron  and  I.  U.  Ball,  In  Bull.  No.  33,  Boi. 
SoU^  U.  8.  Oept.  Agr.,  IDOS. 

'  See,  lor  vmnple,  O.  I.  Adams,  BnlL  U.  S.  Oaol.  Borvey  No.  184,  leoi,  p.  40.  Abo  doubts  rabed  by 
C.  W.  HaycB  and  W.  Kgonedy  In  BulL  V.  8.  QtoL  Surv^  No.  311,  igOJ,  p.  lu. 

•  Jour.  Franklin  InM.,  toI.  lU,  1903,  p.  373. 

•  Bag.  and  Ifln.  Jonr.,  vol.  78, 1904,  pp.  W,  iltt. 
'*  loor.  Canadian  Ifln.  Inst.,  vot.  G,  1903,  p.  73. 
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some  authors  have  u^ed  that  the  s^t  of  the  ocean  is  volcanic  also; 
but  extreme  views  of  this  sort  are  rarely  sound.  The  most  that  can 
be  said  is  that  the  origin  of  the  Louisianor-Texas  salt  has  not  yet 
received  its  final  interpretation.'  It  vould  be  most  unwise  to  claim 
that  all  salt  deposits  are  formed  in  the  same  way.  Some  are  certainly 
marine,  some  are  residues  from  salt  lakes,  others  may  represent  con- 
centrations from  magmatic  waters.  The  subject,  however,  is  so  large 
that  a  more  extended  discussion  of  it  is  impracticable  here. 

ANAI1T8B8   OF   SAI/r. 

Neither  salt  nor  gypsum  is  found  in  nature  in  a  state  of  absolute 
purity,  although  that  condition  is  sometimes  very  nearly  approxi- 
mated. Being  deposited  from  solutions  containing  other  substances, 
some  of  the  latter  are  always  carried  down  and  reveal  their  presence 
on  analysis.  Analyses  of  rock  salt  are  exceedingly  numerous,  and 
only  a  modo^te  number,  enough  to  show  the  range  of  variation  in 
the  mineral,  need  be  cited  here.* 

1  In  Boa  0«aL  Bnrrer  Lookluia  Me.  7,  1*08,  O.  D.  Honk  dtKriba  tha  mlt  di^Kialls  and  dtacnnti 
thatr  odcln.  Ha  ktoo  glTM  ■  y<ry  oompkta  snmniBry  ol  iDftmnatton  on  the  nit  dcpodti  of  tha  rnsld. 
ThatDlIM  tnMtnoanlt.oovtdiif  tli>gtolM,lBbr  I.  0.  TiHiBiiBdiiiiaii,DuB*li,3  vota,,  L«l[)itg,uet 
WdlKW. 

•SMT&oqw'iDftttiilHrofqiplMohtaWrT,  vot.4,p.  OOflMMIilltliliitlilit*.  Alw  OsoL  Sorrar 
lUdii(aQ,  ToL  a,  spptadix  B,  and  toL  e,  pt.  3,  tor  ICltUgui  aalt  and  Mnts;  Bull  Nmt  York  State  Hm. 
No.  11,  for  Nev  York  azamplta;  PnL  Kapt.  OaoL  LoUataiu,  19W,  for  nuUrU  from  thU  State;  and  C.  L 
btntti,  Bull.  Boc  chlm.,  Sd  aar.,  toL  3,  USS,  p.  i,  tor  asaljMa  ot  Honmanlaii  lalt.  Boma  Ronmatilan 
tamplea  ooatalu  u  hl^  u  W.tperoentotaadlamciiliirlda. 
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Anab/tea  of  rod  latt. 

A.  Salt  tnun  Oodtridi,  Cazud^.    Anal^  b;  Gould,  be  T.  Bterrr  Hunt,  Oaol.  Bnrra;  Camdm,  B«^ 
Progrm,  1878-77,  p.  333. 

B.  Salt  trom  TTtngman,  Kaion.    Aulrih  b;  B.  H.  B.  Bailey  and  E.  C.  Ca**,  KansM  Univ.  Owd. 
BoTvtf,  vdL  7,  IMS,  p.  73.   Tn  olhv  ana^w*  of  rock  aalt  an  etvea,  raostlj'  purer  than  this. 

r  flillniilnrmntitlnn. TiTtlilll  Mirrfli. Faiiwn    IdHn,p.7D.    AiialystaiiiadeliiUiaUnlTvsItyatKjtiitu 
laboratory,  but  Bnalyet  not  named. 

D.  Salt  trom  Petit  A] 
Oeol.  Slimy,  p.  MH. 

K.  BaltrromLeanelto,  La  BJpjaPniTlaeB,  Argentina.  Analrsb  by  L.  HarpenUi,  BoL  Aoad.  nac.  den. 
Cdrdobs,  Argoittna,  ni.  10,  UBO,  p.  U7.  RemaAable  lt>  Its  Ugh  pr^iorttea  ot  potaaslum  aalti.  Bar- 
Boma  at  than  rapraaMitriig  great  purity,  bat  wveral 


Analydi  by  F.  V 


.  T^lur,  lOsenl  Bennma  U.  B.  tor  1883,  t 


F.  Bait  rtalaedte  bva  a  dtaued  woridng  it  Radhaii^  ooUfaiy,  Oatotuad,  En^and.  Asalytb  by 
W.  H.  Dunn,  pablUied  by  P.  P.  BedaoD,  loni.  Son.  Cfaim.  lud.,  vol.  B,  uss,  p.  B8.  This  analyila,  In 
ltionlgInal,lsitstadlnthatNmoIradlcl(a.    It  la  recaicDlatad  here  to  aalta  liir  luiUarmlty  with  th«  otlun. 

Q.  Bait  llom  bed  depwlted  by  the  KaCvee  Lake,  north  ot  the  Albert  Edward  Nyauia,  oentxal  AAKm. 
Aoalyiti  by  H.  B,  Welkome;  abatract  In  Joar.  Boo.  Chem.  Ind.,  vol.  0, 1890,  p.  7M.  An  analyib  of  the 
like  water  by  A.  Fappe  and  E.  D.  Sloluiumd  la  alio  ciraii  In  this  Journal.    Sea  ante.  p.  173. 
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In  addition  to  the  impurities  shown  in  the  analyses,  rock  salt  fre- 
quently contains  gaaeous  inclusions.  These  have  been  often  exam- 
ined, recently  by  N.  Costachescu,*  who  finds  some  of  them  to  consist 
munly  of  nitrogen,  and  others  mainly  of  meliiane.  Other  hydro- 
carbons and  carbon  dioxide  are  also  found.  Rock  salt  is  not  uncom- 
monly colored,  especially  blue.  This  coloration  has  been  attributed 
to  organic  matter,  and  recently,  by  H.  Siedentopf,'  to  the  presence 
of  minute  partidee  of  metallic  sodium.  This  very  remarkable  con- 
clusion would  seem  to  require  confirmation. 

■  Ann.  UnfT.  Jmy,  voL  4,  ItW,  p.  a.   The  autlm  ghea  a  good  summary  of  tarUn  InvMtlKatlDni. 

t  pbytOaL  ZatlBCbr.,  voL  B,  IBOS,  p.  SSfi.  See  ako  L.  WlBiler  and  H.  Easamowakl,  ZeHschr.  vanf. 
Cbcmle,  toL  47,  lOOS,  p.  SS3,  aod  r.  Conni,  C«ntralbL  Kin.,  Oeol.  u.  PaL,  1»07,  p.  ise,  and  Stam  lahrb., 
IMS,  p.  33.  O.  Speila  (CantralbL  lUn.,  OeoL  u.  FaL,  1909,  p.  398)  cIUb  experimental  erldeDce  advene  to 
BMectiqirB  views.  E.  Eidmann  (Bcr.  Deutsch.  chem.  OaelL,  vol  43,  p.  T77)BMrtbcstbeblu«(i(aaUta 
wdlMwaTto.  which  atmnroiotflacteolafehanges  In  intiwfab. 
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ANALYSES   OF   GYPSUM. 

For  gypsum  the  foRowing  analyses,  all  made  ia  the  lahoratory  of 
the  United  States  Geological  Survey,  are  auffident  to  show  its  usual 
character:  > 

AjMli/eei  o/gyptum. 

A.  Prom  BUIsbaro,  Near  Bmssvtck.    Anolyeb  b;  Qecrgc  Stslgcr. 

B.  Tnun  AlBbaBlo-,  Mli-lilgiin.    AiuItbIi  by  Bteiga, 

0.  FtomcastDf  Caaoade,  Bbok  Hllla,BaiU]DBkota.    AatljtSabjBVIga, 

D,  E.  From  Nephl,  Utah.   AnslyMaby  E.T.  Allm.   This  nuMrlal  erldntly  ocnUni  ■dmlied  aohy- 

drtte. 


A 

B 

c 

D 

K 

80. 

48.18 

46.18 

45.45 
.85 

'"■.io" 

.12 

48.14 

.65 

Trace. 

cS;.'.^;:;: ":::":":::   : 

ci!... 

Trace. 

.03 

SiO, 

}     .10 
32.37 

Trace. 

}  .1. 

20.94 
.10 

}     .08 

32.33 

.05 

.14 

2a  96 
.05 

3a46 

Ks;.'.v 

is 

32.44 
.33 

36.29 
Trace. 

ffi).. 

kS 

20.80 

15.88 

99.79 

99.82 

100.09 

99.96 

99.64 

BITTERNS. 

In  what  has  heen  soid  so  far,  we  have  considered  almost  exclusively 
the  concentration  of  sea  water;  but  other  waters  form  other  deports 
and  yield  different  bitterns.  Analyses  of  bittern  are  not  often 
reported,  and  only  a  few  examples  can  he  given  here.*  These  analyses 
are  recalculated  to  ionic  form,  and  give  the  percentage  composition 
of  the  anhydrous  saline  matter. 

I  Fix  otber  data  itlatlva  to  the  composition  and  crlgta  of  gypsum,  bmQ.  P.  Ortnulay  and  £.  H.B.Bailey, 
Univ.  QeoL  Survey  Euuaa,  vol.  5, 1G99.  Also  E.  C.  Eckel,  Bull.  C  B.  OeoL  Survey  No.  213,  IBOS,  p.  407; 
Q.  P. arlmsley.Oetd.  Survey  Ukhlgan,  vol.3, pt.  1,1903-4, and  Am.  Oeologbt.ToL 31, 1904, p. 378;  F.  A. 
Wilder,  Jour.  Geology,  vol.  11,  1903,  p.  723;  A.  L.  Parsons,  Twenty-third  Kept.  State  Oeok^ist,  New 
York  State  Hub.,  1903;  and  Q.I.  Adamsaod  otbere,OD  EypatimdepoGlta  of  (beUnited  Bliitea,BulL  U.  3. 
aaoL  BuTVSy  No.  223, 1904.  A  reoeut  report  ihi  the  gypsum  of  New  York  la  by  D.  B,  Newland  and  H. 
Lelghltm,  Bull.  New  York  State  Mns.  No.  143,  1910.  On  the  itenetlo  relalkos  (d  gypaum  and  anhydrite, 
see  R.  C.  Wallace,  OeoL  Mag.,  1914,  p.  27a. 

■  In  addition  to  I'slgllo's  analyses  cited  on  p.  21S,  ante. 
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Analgta  o/biUtnu. 

mLallaS^ItafliiliigWakSgSanllBleOiCklEfoniia.    AnslyjbbirR.  F.Ovdiut.    ynm 

Itnum  ooneaitntlint,  bom  tin  brlua  o[  B;raeiBe,  New  York.   Anilyab  b;  C.  A. 
f.  SoL,  3d  Mr.,  voL  M,  1867,  p.  SO. 
nifn>iilPoiiKn>r,Obia.   Amljitabj  A.  B.  UcnanlB.r.  Oudufa'. 
D.  Bittern  from  Hartford,  W«t  VirgliilL    Hen  uk]  OBTdaar,  analystB. 
£.  BlttanbnmSigfauWiUlctilEaiL    aardner analyst.    Analrsn A,C,D,Eracalcalat<dto 
rrom  tlie  flgares  given  b;  3.  W.  Tun«itti»  in  V.  8.  Dipt  Afric,  Bm.  Solb  Bull.  No.  M,  Iflli.    1 
trotn  •  mtnibflr  of  mnalynn  repwtad  oa  pp.  U-M. 

F.  Bittan  Imm  the  saline  itf  UodelUa,  Antloqaia,  Cokmbla.    Analyabbf 
cldm.phfi.,5tliMt.,voL3,  lS71,p.l02.    Kiii>wn1ocaU;Ba  "oUotnlt." 

a.  Bltton  [rem  salt  wcrts  at  Alkndvl^ui-Wvn,  Oomany.   Analyib  by  Bclchaidt,  abatneC  In 
Cfam.  Sec,  voL  U,  1881,  p.  91. 
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B 

c 

D 

E 

F 

0 

56.33 

63.93 

Lie 

Trace. 

.06 

10.24 

6.27 

62.42 
2.07 

62.70 
2.21 

eai8 

L33 

44.99 

1.02 

.03 

14.07 

26.97 

1L18 

Trace. 

.09 

.28 

2.37 

Br 

I 

9.38 
22.83 
2.68 

.93 
.46 
.67 

.89 
.04 
.63 

Trace. 

26.27 

.49 

K 

Ca 

.38 
7.58 

1L26 
S.08 

26.00 
7.55 

26.97 
7.86 

191 

mi^:.:::::. ::.'.'. 

Sslinit}',  per  cent 

100.00 
31.82 

loaoo 

33.667 

100,00 
66.88 

100.00 
65.23 

100.00 
32.97 

100.00 
33:478 

lOO.OO 
29. 149 

Although  theae  bittema  vary  videly  in  composition,  in  consequence 
of  the  differencee  betwerai  the  original  brines,  they  are  nearly  all  note- 
worthy as  showing  the  concentration  in  them  of  bromine.  The  Mich- 
igan brines  are  important  conunercial  sources  of  bromine,  and  so,  too, 
are  those  of  the  Kanawha  Valley,  in  West  Virginia.  A.  L.  Baker  * 
reports  that  20  to  30  gallons  of  E!anawha  bittern  will  yield  1  pound 
of  bromine,  and  he  has  also  shown  that  they  contain  iodine  in  very 
appreciable  amounts,  from  38.4  to  59.2  milligrams  per  liter.  The 
richness  of  the  Dead  Sea  in  bromine  has  already  been  pointed  out. 
Bitterns  of  this  class  deeerre  a  more  careful  study  than  they  Beem 
to  have  yet  received. 

SODIUM    STTIJ>HA.TB. 

In  the  evaporatioa  of  ocean  water  the  sulphates  which  form  are 
first  the  calcium  compound  and  then  the  m^nesium  salt,  or  else 
double  sulphates  of  magnesium,  with  either  calcium  or  sodium. 
Anhydrite,  then  polyhalite,  and  then  kieserite,  follow  one  another  in 
r^ular  succession.  In  many  saline  lakes,  however,  calcium  and  mag- 
nesium are  deficient  in  quantity,  while  sodium  sulphate  is  present  in 
relatively  large  amounts.  Id  such  lakes  sodium  sulphate  is  deposited 
in  considerable  quantities,  generally  preceding  the  deposition  of  salt, 

■  Chem.  News,  vol.  44,  p.  207, 1881. 
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and  its  precipitation  is  determined  or  affected  by  the  season  of  tiie 
year.  Sodium  sulphate  is  much  more  soluble  in  warm  than  in  cold 
water,  but  the  similar  variation  for  salt  is  comparatively  small;  so 
that  the  mere  chai^  of  temperature  between  summer  and  winter 
may  cause  mirabilite  to  separate  out,  or  to  redissolve  again.  An 
instance  of  this  kind,  in  the  Karabog^iaz,  has  already  been  noticed, 
and  the  Great  Salt  Lake '  not  only  deposits  sodiimi  sulphate  during 
winter,  but  even  caste  it  up  in  heaps  upon  the  shore.  The  salt  thus 
formed  is  the  decahydrate,  mirabihte,  Na,SO«.10H,O;  while  from 
warm  solutions,  especially  from  concentrated  brines,  the  anhydrous 
sulphate  thenardite  may  be  deposited.  In  warm  and  dry  aur  mira- 
bilite effloreeces,  loses  its  water,  and  is  transformed  into  thenardite, 
which  is  a  well-known  and  common  mineral.  On  the  surface  of 
Lacu  Sarat,  in  Roumania,*  lar^  crystals  of  mirabilite  form  during 
winter,  to  redissolve,  at  least  in  part,  when  the  weather  becomes 
warm,  and  many  other  sulphate  or  sulphato-chloride  lakes  exhibit 
similar  phenomena.  The  Iberian  lakes,  studied  by  F.  Ludwig.* 
depmtt  mainly  sulphates;  sodiom  sulphate  in  Lakes  Altai,  Beisk, 
Domoshakovo,  and  Eisil-Kul,  while  in  the  Schunett  Lake  a  quantity 
of  magneeiiun  sulphate  is  also  formed.  Ludwig  gives  analyses  of 
these  precipitates,  but  the  three  in  the  snbjoined  table  are  enou^ 
to  cit«  here.  I^e  analyses  are  carried  by  Ludwig  to  four  decimal 
places,  but  1  have  rounded  them  off  to  two.  He  also  gives  the  Na 
and  G  of  tJie  sodium  chloride  separately,  and  the  insoluble  residue 
he  divides  into  organic  and  inorganic.  The  consolidation  of  the  data 
as  tabulated  below  is  for  the  sake  of  simphcity.  Their  subdivision 
does  not  help  to  iUustrate  the  phenomena  now  under  diBousaion. 

Analyut  of  wKiw  depotiu  m  tun  Siberian  btd. 


C  Dtposlt  ODibcn  of  SoluiiMtt  Lkko. 


A 

B 

0 

CO,.. 

0.12 
64.00 
41.84 

0.03 
66.67 
4S.21 

fl^    ;.;::::::::::: 

Na,0 

K^K 

.29 
.22 
.11 

.13 
.01 

CaO 

.11 

SiO,.*. 

Insoluble  residue 

a4« 

.91 

99.  OS 

W.87 

IOOlOS 

>  O.  K.  Oab«r«,  Um.  U.  S.  OmiI.  Barren,  vd.  1,  I8B0,  p.  3S3. 
'  L.  Uniae  and  W.  Tibseyre,  Apirtii  f!^ag[que  tut  In  formatloiu  ssliOns  >t 
nnumuile,  IWI.    This  munolr  contalna  a  blbiioRnipliy  relative  to  Roumaolan  i 
i-MUOa.  pmkt.  OeolaKla,  vol.  11, 1«D3,  p.  401.    TI.  uila,  p.  ITO. 
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llieee  lakee,  Altai  and  Schtmett,  are  stilphato-chloiide  waters,  but 
the  first  effect  of  their  concentration  is  to  bring  about  a  partial  separa- 
tion of  their  salts.  The  same  effect  is  perhaps  even  better  exem- 
plified by  Sevier  Lake,  in  Utah,  which  is  at  times  entirdy  dry,  foim- 
ing  a  thin  saline  layer  that  in  moister  seasons  partly  redissolvee.' 
Tbs  deposits  from  this  lake  have  been  analyzed,  those  from  the 
mai^n  by  O.  D.  Alien,  those  from  the  center  by  S.  A.  Lattimore,  and 
their  average  composition,  as  cited  by  Gilbert,  is  given  below: 

Average  aonvpotiUcm  of  dtpotiu  fr<»m  Sevier  Lale,  Utah. 


Here  tlte  sodium  sulphate  tends  to  accumulate  at  the  center  of  tha 
lake,  whereas  the  later  deposits,  which  are  covered  by  a  crast  of 
sodium  ohlohde,  are  formed  in  larger  relative  proportion  around 
the  margin. 

Fractional  crystallization,  however,  is'  only  a  part  of  the  process 
by  which  the  saline  constituents  of  a  water  may  be  separated.  Salt 
and  alkaline  lakes  are  peculiarly  characteristic  of  desert  r^ons, 
and  the  smaller  depressions  may  be  alternately  dry  and  filled  with 
water.  Suppose,  now,  following  a  su^;estion  of  J.  Walther,*  that 
such  a  lake,  concentrated  to  a  bed  of  salt  covered  by  a  thin  sheet  of 
bittern,  is  overwbehned  by  desert  sands,  so  that  a  permanent  saline 
deposit,  protected  from  further  change,  is  formed.  The  bittern  wiU 
be  absorbed  by  the  sandy  covering,  its  salts  will  rise  by  capillary 
attraction  to  the  surface,  and  the  efflorescence  thus  produced  will  be 
scattered  in  dust  by  the  winds.  On  the  steppes  of  the  lower  Volga, 
according  to  Walther,  there  are  numerous  remainders  of  salt  lakes, 
which  have  been  thus  covered,  and  where,  bmeath  the  sand,  solid 
salt  of  great  purity  is  found.  The  mother  liquors  have  vanished, 
and  their  saline  constituents  have  been  scattered  far  and  wide. 

>a.  E.  anbtrt,  Uod.  D.  B.  Oeol.  Bamj,  vol.  1, 1880,  pp.  334-397.   Sea  p.lW,  aiita.riTlhc  crnDpadlloa 
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MISCBIiliAJTBOnS   DESERT   SAITTS. 

Wherever  deserts  exist,  there  these  sahne  residues  are  common. 
They  are  peculiarly  abtindant  in  the  western  part  of  the  United 
States,  especially  in  the  Bonneville  and  Lahontan  basins  and  over 
the  so-called  alkali  plains,  and  they  exhibit  a  great  variety  of  com- 
position. Chlorides,  sulphates,  carbonates,  and  borates  occur,  sepa- 
rately or  together,  and  many  analyses  of  these  products  have  been 
recorded.  To  the  sulphato-chloride  class  the  subjoined  analyses  be- 
long, the  other  saline  deposits  being  left  for  separate  consideration 
later.' 

Analytet  of  taline  deponltfrom  tulpkato-dtloride  waUn, 

A.  Salt,  Osobb  Vallsy,  NevulL  Analjrdi  b;  R.  V.  Woodirard,  Rapt.  D.  8.  OnL  Eipl.  «Ui  Per., 
vol.  1,  ISJT,  p.  707. 

B.  Bailnc efllonsoaDM (m dcavt, soutb o[  Hot  Bprtagi itatloo, Nerada.   Analyitabj  CD.  Allen, tdam, 

C.  Inmistatira  from  Qnlmu  RItb  croBring,  BlaSk  Rook  DMtrt,  Mvnd*.   Anatrsb  tij  O.  D.  AUoi, 
M  Zuidla  Koimtaliii,  Nsw  If axioo.    Analyik  t?  O.  Loaw,  R«pt. 


11.7M. 

D.  Bait  from  8alt  Lake,  7iaQe8  ost  ofth 
U.  B.  aaol.  Burmys  W.  lOOth  Us.,  viA.  a 

E.  Efflcnsoance  from  allcaU11*t,iiMr  Buffalo  BpTliiK,>I«vads.   Aii*l;BlabTO.  D.  Allan,  op.  dt.,p.  731. 
P.  Efflocasrance  from  Bants  Calallna,  AriEona.    Analysis  by  O.  Logw,  op.  dt.,  p.  E28. 
O.Saltfromihmot  lakt uar Percy, Nevada.    Analyals  by  R.W.  Woodward, Kept. U.S.  Oeol.Expl. 

40th  Par.,  vol.  a,  1877,  p.  US. 

H.  EDIfnieaMM  od  loeai,  near  Codoba,  Argentina.  Analysli  by  Dotrlng,  dted  by  A.  W.  Buitmi, 
BeltrSgt  tar  Oeologle  und  Falaetmtolocia  dar  Argcollnlscbrai  RapuUft,  iRK.  A  number  ot  salts,  etc, ,  are 
dtatrlbad on pasea 386^0*.   This oMbramarkablyrlcb bipotanlum. 
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1.91 
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1.75 
2.59 

82.57 
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70.81 
28.38 
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1.94 

5.88 

48.28 
4.45 

1.63 

.73 
1.97 

"s-ii' 

Trace. 
4.66 

.52 
.12 

100.00 

100.00 

100.00 

100.00 

90.13 

99.97 

99.74 

100.00 

These  analyses,  taken  in  connection  with  those  of  salt  given  on  page 
231,  show  the  same  order  of  variation  as  is  found  in  the  parent  waters 
themselves.  Chlorides  form  one  end  of  the  series,  sulphates  the 
other;  and  every  gradation  may  exist  between  the  two.  Even  dif- 
ferent parts  of  the  same  deposit  may  show  evidence  of  such  a  grada^ 
tion,  as  in  Sevior  Lake,  where  separation  of  the  salts  has  gone  on  to 
a  greater  or  less  extent;  but  partial  re-solution  in  time  of  high  water 
can  reverse  the  process  and  bring  about  a  new  distribution  of  the 
soluble  substances. 

>  A  number  ol  aoalyMa  o[  stmllar  prodoPla  from  Argoitina  are  given  by  F.  Sehlekandanti,  RevMa  del 
Uu9M>  de  la  Fleta,  vol.  T,  IHG,  p.  1.  Baa  also  0.  3.  Youiw,  Bull.  U.  B.  DflpL  Agrlo.  No.  U,  IBI4,  on 
tbe  aalinas  o(  tba  Oraat  Baiin.andaevenlpqitrsby  H.  S.  Oale  In  Bull.  U,  B.  Oaol.  Snrray  NcfiW^, 
1911. 
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AT.TTAT.TTTP.    CARBONATES. 

From  alkaline  lakes  alkaline  carbonates  are  deposited,  mingled  with 
chlorides  and  sulphates  in  Taiying  proportions.  In  Hungary,  Egypt, 
Armenia,  and  Venezuela  such  deposits  are  found,  and  they  are  pecu- 
liarly common  in  the  Lahontan  basin  of  Nevada,  and  in  southern 
California.  In  Nevada  they  often  fonn  "playas,"  or  "playa  lakes'" — 
beds  which  are  dry  in  summer  and  flooded  to  the  depth  of  a  few  inches 
during  the  wet  season.  A  number  of  these  alkaline  incrustations 
were  analyzed  by  the  chemists  of  the  Fortieth  Parallel  Survey,  with 
the  results  shown  in  analyses  A  to  F  of  the  subjoined  table.*  With 
these  may  be  included  two  analyses  of  the  soluble  parts  of  incnista^ 
tions,  maide  by  T.  M.  Chatard  in  the  laboratory  of  the  United  States 
Geol<^cal  Survey. 


Analytei  of  incnulationi  depotUtd  by  alkaline  laiet. 


,"  Ntvadft.    AuItiIb  b] 


m  wattm  aim  ot  BUok  Sock  Dnvt,  ncai  th«  s>a*Ded  "I 

IcO,  vol.  1, 1HV7,  p.  ns. 

m  Bubj  Vallar,  NvndK.    AnOTdltvK.  W.  Woodwwd,  vtd.  1,  ISTg.p.SOS. 

m  valla;  ot  Dmp  CrMk,  Utah.    Amljtb  b;  Woodwwd,  Tid.  3,  p.  474. 

nAtihlDpt Valla;, Naradt.   Analy^b;  Woodward,  vol.  3, p.641. 

mBpo(DtDasPakoit*tlon,«nHni^MidtBiw,  Nevada.   Analysts  by  Woodward,  vol.  2,  p. 

M  Brown'a  station,  Hmnbddt  Lake,  Mavada.   Analyab  by  Waodwird,  vol.  3,  p.  Hi. 

mnTbMolpUya.uartbiimaf  OldWallnrLaka.Nsvada.   Bohiblepallim,3«.?sp«ccat 

rg  mlla  wtal  of  Black  Rock,  Navada.    Sohible  portlau,  33.10  per  eeot. 
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14.76 
17.43 
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2.79 

4.68 

1.88 
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1.18 
1.96 

ao,  .. 

98.12 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

The  following  table  contains  analyses,  reported  by  E.  W.  Hilgard,^ 
of  the  soluble  part  of  "alkali"  incrustations  from  California.  They 
exhibit  remarkable  pecuharities  of  composition,  especially  in  their 
contents  of  potassium  salts,  nitrates,  and  phosphates. 

ia»  L  C.  Buell.  Hon.  U.  8.  Geol.  Siirvsy,  vol.  11, 188S,  p.  81. 

■  TtuaaalTnaarabcredtodaartcalculatadby  T.  If.  Chatard,  Bull.  U.  B.OeoI.  Survdy  No.  SO,  imo, 
pp,5S,  5C.    The  nigliiBl  atalanuutii  do  not  adequately  dtscrlmlnate  between  carbonatM  and  bkarbauto. 
•  AppeDdli,Bapt.  Unhr.  CallfamlaSxpcr.  ato.,  IWD.    0U>«  wudysea  are  ilvan  In  tbla  npivt. 
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Analytet  of  "alkali"  inenulatumtfrcmv  Califorwia. 


D.  Tnmi  tb*  Ugcosd  bottonu,  UmdmI  Count;. 
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63.22 

32.68 
25.28 
14.75 
19.78 
2.25 
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nI&:::;::::;:::;:::;::;::::;:::::::;::::: 
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12.98 

8.42 

20.62 

20.23 
1.66 

3.96 

l.« 

100.00 

100.00 

100.00 

100.00 

Similar  depo^ta  are  formed  by  the  two  eoda  lakes  at  Ragtown, 
Nevada,  and  these  have  been  worked  for  commerdal  purpoBes.  Two 
Bamplee  were  collected  by  Arnold  Hague  in  1868,  before  working 
b^an;  a  third,  representing  the  marketable  product,  was  examined 
by  T.  M.  Chatard.'  The  analyses  are  as  followB,  in  the  form  adopted 
by  Chatard : 

Analytet  <ifdepot%t*Jrom,  Soda  Laket,  Ragtown,  Nevada. 

A.  BlEB»daL4lra.    AndrAby  O.  D.  Altai,  R^t.  U.  S.  0«>d.  EipL  M(liFtf.,T(iL3,lSn,p.  7481 

B.  LltttoSodaLalM.   Anilydl  by  Altai,  op.  ctt., p.  TW. 

C.  LHtlB  Sods  Laka,  markat  aoda.    Analysla  bf  Chatard. 


A 

B 

C 

46.06 
84.66 
1.29 

1.61 

44.26 

34.90 

.99 

1.10 

Nffi&:.::::::::::::::::::::::::::::::::::::::::::::: 

niSo/     : 

6.10 

.80 
16.19 

2.  SI 
15.95 

09.60 

loaoo 

100.09 

These  soda  lakes  also  deposit  crystals  of  gaylussite,  of  the  formula 
CaOO,.Na,CO,.5H,0,*  althoiigh  the  analysis  of  the  water*  reveals 
no  calcium.  Probably  the  minute  quantities  of  calcium  that  mter 
the  waters  from  springs  or  otherwise  are  immediately  removed  in 
this  form. 

It  will  be  observed,  on  examining  the  foregoing  analyses,  that  they 
represfflit  variable  mixtures  of  several  salts.    The  latter,  of  course, 


1  BolL  n.  8.  Oeol.  Bomj  No.  BO,  mO,  p.  52.    Chatard  cilai  >  numbor  o[  analyHa  o 

tronft.    For  •Jia])rMa  at  Egyptian  una  bdb  O.  Popp,  Lteblg's  Annaisn,  vol.  Ififi,  1S7D,  p. 

I  Baa  uulysbby  O.  D.  Allen,  Rapt.  U.  S.  GeoL  Eipl.  iOtb  Par.,  nd.  3,  lS77,p.  T«. 

■  Baa  p.  UB,  ante,  for  analyala  of  llw  wa(a. 
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have  been  calculated  from  the  analytical  data,  and  the  radicles  might 
have  been  combined  somewhat  differently,  but  without  any  essentia] 
change  in  the  general  reeults.  Several  of  the  analyses  are  reckoned 
upon  the  basis  of  anhydrous  material,  and  are  so  far  incorrect,  but 
they  show  with  a  fur  degree  of  accuracy  the  relative  proportions  of 
the  several  compounds  which  were  present.  The  carbonates  were 
probably  three  in  number — thermonatrite,  N&,CO,.H,0;  natron, 
Na,CC^.10H,O;  and  trona,  or  urao,  Na,CX),.NaHC0,.2H,0.  Some- 
times one  and  sometimes  another  of  these  salts  is  in  excess,  but  the 
third  is  the  most  important,  as  the  elaborate  researches  of  Chatard  ■* 
have  shown.  That  this  is  the  first  salt  to  be  deposited  from  waters 
of  this  class  his  experiments  upon  Owens  Lake  water  clearly  prove. 
At  Owens  Lake,  Inyo  County,  Cahfomia,  the  numufacture  of 
sodium  carbonate  has  been  carried  out  upon  a  commerdal  scale.  In 
order  to  determine  the  most  favorable  conditions  for  the  process, 
Chatard  subjected  a  quantity  of  tOie  water  to  fractional  crystalliza- 
tion and  analyzed  the  salts  which  were  succea^vely  deposited.  Two 
concordant  series  of  experiments  were  made,  together  with  a  less 
complete  but  corroborative  set,  on  water  from  Mono  Lake.  The 
reeulta  of  the  first  group  were  as  follows: 


W  oii»'flftli  tta  orlgintl  vohime.    BpteSSo  paTttj  at 


J:itiiiH 

B.  Pint  drop  dI  erytltlt.    Water  oyaemtntti  ti 
niaUwtUqiiM  1.113  at  3T.B*. 

C.  amaaavtop alcTjKalt.    BiMoUki(nTltroImatluiUqiurl.311fttll[*. 

D.  ThlrdccopofcTTiUli.   BpaoUio gntTttr ot iiiother Uqnot UlS at XJt*. 

E.  raartbdop  olBrytUb.    BpwUo  pavity  olmothiirUqiiot  1.317  at  W.T5'. 

F.  rtfthdropoforjatata.    SpHtUograTlty  olmothwUqnorlJaOat  IS.O*.    Thlt on>p  WM obtaliMd bj 


A 

B 

c 

° 

E 

T 

14.51 
43.75 
30.12 
3.18 
7.44 

4.33 
22.84 
10.53 
25.44 
35.08 

3.43 
18.19 

4.06 
26.70 
45.59 

2.24 
12.51 

3.88 
19.01 
60.99 

34.95 
7.40 
14.38 
38.16 
.63 

N^  * 

Nffib,  ■"■-■ ::"":":: 

»2.01 

4.07 
.08 
.05 
.28 

1.07 
.14 
.01 
.066 
.032 
.078 

1.12 
.09 

1.21 

imfsCo.* 

.01 
.05 

sC"*.";;:::::::;::::::: 

foSie     

loaoo 

100.386 

90.41 

99.17 

90.90 

100.14 

■Cbatard  fopposas  that  tha  biborate  ctnM  not  axllt  In  to  rtronglf  alkaUnc  a  talatlaii  as  tba  mothar 
UqnoT  from  vhlcli  thta  crap  wu  obtained. 

kNatnnlao(U;ltaooetirmicaandat!Uiatl(>n;  Bolt.  U.  S.  OtoL  Borvey  No.  M,  ISSO,  pp.  37-101.  Cf.E. 
Le  Nava  Fostat,  Pioc,  Calondo  Sd.  Boc.,  vol.  3,  ISM,  p.  2iS,  lor  data  coDnmlng  Owbds  I<aka.  Bm  also 
O.  Lnnge,  Zaltsehr.  angev.  Cbamla,  18B3,  p.  S.  On  natonl  mda  In  Egrpt  aee  A.  Lucas,  Bnrra;  DepU 
Faptr  (EgTpt)  No.  23, 1913. 
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From  these  analyses  we  see  that  the  first  crop  of  crystals  consists 
largely  of  trona,  Na,C0,.XaHC0,.2H,0,  with  a  small  excess  of  the 
normal  carbonate,  some  chloride,  and  some  sulphate.  In  C,  D,  and  E 
the  carbonates  diminish,  but  the  normal  salt  ia  even  more  largely  in 
excess,  while  the  chlorides  increase  rapidly.  The  &ial,  chilled  solu- 
tion deposits  chiefly  sodium  carbonate,  with  some  chloride  and  less 
sulphate.  The  order  of  deposition  is  trona,  sodium  sulphate,  sodium 
chloride,  and  finally,  if  we  ignore  the  minor  constituents  of  the  water, 
the  very  soluble  normal  carbonate.  Of  the  trona  itself  Chatard  mode 
several  analyses,  and  he  also  prepared  a  seriee  of  artificial  products, 
which  established  the  true  formula  of  the  compound.'  The  best 
specimen  of  trona  from  Owens  Lake  had  the  composition  given  in 
the  first  column  below,  which  is  compared  with  the  composition  as 
calculated  theoretically. 


■nia. 

Found. 

CalBulUad. 

Na-CO. 

4S.86 
36.48 

.32 
1.26 
16.  IS 

.02 

Na^O- 

^':;::::::::::::::::::;:::::::::::::::::::::::::::::::: 

Insoluble. 

100.07 

loaoo 

The  prevalent  view  concerning  the  origin  of  the  Lahontan  alkalies 
was  stated  in  Chapter  V  (p.  159).  The  waters  of  the  Bonneville  basin, 
or  of  Great  Salt  Lake,  originate  in  an  area  of  sedimentary  rocks  and 
contain  chiefly  substances  which  were  formed  during  earlier  concen- 
trations. In  one  sense,  then,  we  may  call  the  residues  of  that  region 
secondary  depositions.  The  Lahontan  area,  on  the  other  hand,  is 
rich  in  volcanic  materials,  from  which,  by  percolating  waters  charged 
with  atmospheric  or  volcanic  carbon  dioxide,  the  soluble  substances 
were  withdrawn.  These  substances  have  accumulated  in  the  waters 
of  the  basin,  except  for  the  calcium  carbonate,  which  is  now  seen  in 
the  enormous  masses  of  tufa  so  characteristic  of  the  r^on.  To  Mono 
and  Owens  lakes,  lying  just  outside  of  the  Lahontan  basin,  the  same 
observations  apply.  Alkaline  carbonates,  together  with  sulphates 
and  chlorides,  have  been  formed  by  solution  from  erupUve  rocks,  and 
concentrated  in  these  waters  and  their  residues.  The  seepage  waters 
from  fresh  springs  near  Owens  Lake  percolate  through  beds  of  v(dcanic 
ash,  and  contain  even  a  higher  proportion  of  alkaline  carbonates  than 

I  Ct.  also  C.  Wlnkhr,  ZtSttchi.  uigew.  chemle,  1S93,  p.  tM;  and  IJ.  Ralnltier,  Idun,  p.  573. 
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the  lake  itself.*  The  rocks  from  which  the  salts  were  originally 
derived  seem  to  have  been  miunly  rhyolites,  andesites,  and  other 
varieUes  rich  in  alkalies  and  relatively  poor  in  lime.  Had  lime  been 
present  in  hu^er  quantjties  more  calcareous  sediments  and  gypsum 
would  have  fotmed,  with  lees  of  the  alkaline  carbonates,  or  even 
none  at  all. 

Thi^  theory,  however,  which  attribntes  the  presence  of  alkaline  car- 
bonates to  a  direct  derivation  from  volcanic  rocks,  is  not  the  only 
hypothesis  possible.  Even  if  it  holds  with  respect  to  the  Lahontui 
waters  it  is  not  necessarily  valid  elsewhere.  In  order  to  account  for 
the  existence  of  sodium  carbonate  in  natural  waters,  T.  Sterry  Hunt* 
assumed  a  double  decomposition  between  sodium  sulphate  and  cal- 
cium bicarbonate,  gypsum  being  ttirown  down.  A  sinular  reaction  is 
accepted  by  E.  von  Kvassay '  in  lus  study  of  the  Hungarian  soda, 
only  in  thk  case  soditun  chloride  is  taken  as  the  initial  compound. 
The  latter  salt  is  supposed  to  react  upon  calcium  bicarbonate,  yield- 
ing soditun  bicarbonate,  which  effloresces,  while  the  more  soluble  cal- 
dum  chloride,  mmoltaneously  formed,  diffuses  into  the  ground. 
E.  W.  Hilgard  *  has  diown  experimentally  that  both  reactions  are 
possible,  and  that  either  sodium  sulphate  or  sodium  chloride  can  react 
with  calcium  bicarbonate,  forming  strongly  alkaline  solutions.  From 
such  solutions  crystals  of  gypsum  can  be  deported,  while  sodium 
bicarbonate  remains  dissolved.  In  Hilgard's  experiments,  however, 
he  predpitated  and  removed  the  calcium  sulphate  by  means  of  alco- 
hol, a  condition  unlike  anything  oocuring  in  nature.  S.  Tanatar,' 
therefore,  repeated  the  experiments  without  tlie  use  of  alcohol  and 
confirmed  Hilgard's  conclusioiK.  The  reverse  reaction  is  hindered 
by  the  crystallizataon  of  the  gypsum  and  the  washing  away  or 
efflorescence  of  the  soluble  carbonate. 

G.  Sickenberger,*  who  examined  the  natron  lakes  of  Egypt,  ob- 
served the  presence  in  them  of  algffi,  and  noticed  the  evolution  of 
hydrogen  sulphide  from  ihsar  waters,  iron  sulphide  being  at  the  same 
time  thrown  down.  He  therefore  ascribes  the  carbonates  to  the 
reduction  of  sulphates  by  organic  matter,  and  subsequent  absorption 

■8OTiiuiriMb7T.]f.aiatBrd,  BqU.U.  a.O«(>l.8(irTc;No.S0,  tSM.p.M.  fhiWrfl  »)tn  itlnriiii  llii 
a1ilDoItheovboiiiit«sw)dolMIha'T]swiofaarllerlnTcetlgatoraoaiiceni]ii|ath«rlacallUM. 

■  Am.  Toot.  BoL,  M  Mr.,  vol.  38, 1S90,  p.  170. 

'J>lub.K.-k.g«I.RslchiHutelt,lg7A,p.4I7.  C[.alMH.L«Ch«CeU*ri>n  AJgHluisalta,Campt.  Rotd., 
*«I.g4, 1B7T,  p.a9e.  VoDEvaaMyghMftblbUocnphyoruieEimgarknooeuinixiaaiuI  tomaiiulyiM 
Of  Uu  ■Mb. 

<  Am.  lour.  8cL,ttbser.,TDL  %  18W,p.  123.  Bee  abu  pkper  In  Riipl.  Untv.  CalilDiiiiB  Agr.  Eipor.  Bta., 
ISBO,  p.  ST,  lonawwl  b;  an  experlmtintelrneereh  by  M.  E.Iafla. 

•  Ber.  Deutach.  cbem.  Oaetl.,  vol.  2V,  ISeS,  p.  1034.  See  b1»  ■  memoEr  by  B.  Vatar,  Zdwdir.  Kryit. 
lUn.,  Tol.  30,  lan,  p.  373. 

■Ch«m.  Zaltaag,  igea,  pp.  1645, 16ei. 
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of  carbon  dioxide  from  the  air,  G.  Scbweinfurth  and  L.  Levin,*  on 
the  contrary,  while  admitting  that  such  a  process  can  go  on  to  some 
extent,  regard  it  as  capable  of  accounting  for  only  a  small  part  of  the 
alkaline  carbonates  that  are  formed.  These  lakes  deposit  sodiimi 
chloride,  sulphide,  and  carbonate;  and  the  antbors  attribute  the  last 
salt  to  double  decompositions  with  carbonate  of  lime.  The  percolat- 
ing Nile  wateiB  contain  calcimn  bicarbonate  and  the  soil  throiigh 
whi<di  it  reaches  the  lakes  is  rich  in  salt  and  gypeum.  These  two  sub- 
Btanc«e  first  react  to  form  sodium  sulphate  and  calcium  chloride  and 
the  former  then  exchangee  with  calcium  bicarbonate,  as  in  Hunt's  and 
Hilgard's  investigations.  Sodium  chloride  is  taken  as  tlie  starting 
point,  and  from  it  tiie  sulphate  and  carbonate  are  derived. 

We  have,  then,  three  theories  by  which  to  account  for  the  forma- 
tion of  alkaline  carbonates  in  natural  waters  and-  soils.*  First,  by 
direct  derivation  from  volcanic  rocks.  Second,  by  reduction  of 
alkaline  sulphates.  Third,  by  double  decomposition  between  cal- 
cium bicarbonate  and  alkaline  sulphates  or  chlorides.  All  three  are 
possible,  and  all  three  are  doubtless  represented  by  actual  occurrences 
in  nature.  The  presence  of  sodiom  carbonates  in  tiie  waters  of  hot 
springs,  which,  it  may  be  observed,  are  common  in  the  Lahontan 
basin,  we  con  ascribe  to  the  operation  of  the  first  process;  the  second 
mode  of  derivataon  is  effective  wherever  alkahne  sulphates  and 
o^anio  matter  are  found  together;  the  third  method  is  perhaps  the 
most  general  of  all.  To  the  action  between  alkahne  salts  and  cal- 
cium bicarbonate,  Hilgard  attributes  the  common  presence  of  sodium 
carbonate  in  the  soils  of  arid  r^ons,  a  mode  of  occurrence  which 
is  very  widespread  and  of  the  utmost  importance  to  agriculture. 
The  reclamation  of  arid  lands  by  irrigation  is  profoundly  affected 
by  the  presence  of  these  salts,  which  sometimes  accumulate  to  such 
an  extent  as  to  destroy  fortihty.  Excessive  irrigation  may  drfeat 
ite  own  purpose  and  destroy  the  value  of  land  which  might  be 
reclaimed  from  the  desert  by  a  more  moderate  procedure.'  The 
soluble  salts  which  exist  below  the  surface,  being  dissolved,  rise  by 
capillary  attraction  and  form  t^e  objectionable  crusts  of  "alkali." 

1  ZrtUciir.  Ooril.  ErdkruHbi,  ml.  S3,  ISB,  p.  1.  atnrtl  nimwi  to  twctwinliiglc  meanjiv  are  giwi 
ta  thb  nuiDob. 

•  To  Omt  theoriM  may  b«  lAiea  a  tourth,  that  or  C.  OohMOhu  {ZdlKhr.  pnkt.  Oaolotla,  im,  p.  lU}, 
who  lUiUNiii  thit  Ui*  alkaUDC  caibonstM  luv«  baen  bnned  b;  th<  action  ol  carbon  dloildi,  commoDij 
of  toImiiIb  origbi,  im  lb*  "nuUiv^lquor  salts."  Tlia  arldanoe  In  lurtir  at  tbk  Timr  Is  so  sksder  that  a 
dtaoUM^  of  It  would  be  haidly  vorth  while. 

•  Tha  Tvorts  of  the  Bureau  of  Bolb,  U.  B.  Deiit  Agt.,  and  of  the  agriailtural  eipcrlnunt  stations  of  «eT- 
val  Wcatcni  StatM  omtaiD  abnndant  Ulmture  m  this  iDbtKt.  The  report  of  the  DlrUon  of  Bolb  tir 
UOO  oontalns  a  pqxr  by  F.  E.  Canunman  the  appUoaUon  ol  the  theory  of  soIdHod  tothastndy  ofsofli; 
In  which  the  generation  ofalkBUaB  carbonatM  by  double  decompoeltloD  is  iln  iirml  on  the  bssb  of  modem 
lAyilcal  chemistry.  In  Bull.  13  of  the  New  Uexloo  Collage  of  Agrlontture  IhiM  li  •  sommafr  of  the  Ut- 
aatuie  on  alkali  solb.  A  ramaikabla  depselt  dI  natroD  In  San  Lull  Valley,  ColondO,  la  ileaMOMd  bj 
W.  P.  Headdan,  Am.  Jour.  8oL,  *th  ter.,  vdL  37,  Itot,  p.  KB. 
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BORATES. 

Borates  and  nitrates  &re  much  lees  frequently  depoeitod  and  in 
much  smaller  amounts  than  the  salts  which  we  have  so  far  been  con- 
mdflring.  lliey  are,  however,  important  saline  readuea  and  deeerre 
a  more  extended  study  than  they  seem  to  have  yet  received.  In 
the  chapter  upon  closed  basins  attention  was  called  to  the  Borax 
Lake  of  northern  Cahfomia,  and  among  mineral  springs  a  number 
contaimng  borates  were  noted.  The  latter  were  hot  springB,  sitiiated 
in  volcanic  regions,  as  in  the  Yellowstone  Park — a  mode  of  occur- 
rence which  must  be  borne  in  mind  if  we  are  to  determine  the  origin 
of  these  substances.  We  must  also  remember  that  borates  exist  in 
sea  water,  from  which  source  the  deposits  at  Stasafurt  ore  supposed 
to  be  derived.  Two  sets  of  facts,  tikerefore,  have  to  be  considered 
in  dealing  with  this  class  of  compounds.  Let  ns  first  examine  tiie 
actual  occurrences  of  borates  as  saline  residues.* 

Borax  Lake,  Lake  County,  California,  has  been  repeatedly  de- 
smbed.*  Its  water  contains  chiefly  sodium  carbonate  and  sodium 
chloride,  with  borax  next  in  importance,  and  it  deposits  the  last^ 
nuned  salt  in  crystals,  some  of  which  are  several  inches  long.  More 
borax,  however,  was  famished  by  a  neighboring  smaller  lake,  Ha^ 
chinchama.  The  supply  probably  came,  according  to  Becker,  from 
hot  springs  near  the  lakes,  and  one  spring,  of  which  the  analgia 
has  already  been  given,  contains  not  only  boron,  but  also  a  surpris- 
ing quantity  of  ammonium  compounds.  The  same  association  of 
borates  with  ammoniacal  salts  is  also  to  be  observed  in  the  waters 
of  the  Yellowstone  Park,  and  especially  in  that  unique  solution 
known  as  "  the  Devil's  Inkpot."  Tbe  hot  springs  of  the  Chaguarsma 
Valley,  in  Vfmezuela,*  furnish  a  similar  example;  and  here  again,  as  in 
some  of  the  California  localities  described  by  Becker,  sulphur  and 
cinnabar  are  deposited.  Boric  acid  and  ammonium  chloride  are 
among  the  volcanic  products  of  the  island  of  Vutcano;*  but  the 
famous  "soffioni"  or  "fumaroles"  of  Tuscany  are  of  much  greater 
importance.  Hwe  jets  of  steam  carrying  boric  acid  emei^  from  the 
ground  and  supply  great  quantities  of  that  substance  for  industrial 
purposes.  The  following  compoimds  of  boron  are  deposited  by  the 
lagoons  in  which  the  boric-acid  vapors  are  concentrated : 

Saaaolite H,BO,  (orthoboric  add), 

LMdereUite ttfH,)3B,Oi,.4HjO. 

BechUite CaB.O,  *HiO  (borocaldte). 

Lagonite Fe"'^0,j.3H,0. 

■  ForgsiHnllDtonmtloiiaboutAnMrlcuikicallllaaM  Kintral  RcKmrea  C.  S.  hr  ISSl,  U.  S.  0«]. 
Bamj,  p.  MS;  l»a-«l,  p.  tes;  in»-go,  p.  4M:  *nd  IWl,  p.  SW. 

t  Owl.  SnrTBj  ColUbrnb,  Otulosf.  vol.  1, 1«1S,  p.  OT.  O.  F.  BMk«r,  Hon.  U.  S.  Geol.  SiirT«y,  vol.  13, 
!»«,  pp.  264-188.  H.  a.  Hanks,  Third  Ann.  Rapt.  Stata  Hlnnloctat  (CBlUmiiH).  For  uutysn  of  th« 
valarand  of  an  ndjaccmt  hot  qnliig,  Me  ante,  pp.  100,197.  Thla  late,  iICuaMd  about  80  mlks  noitli  of  San 
Piandwo,  rniut  not  be  coohiMd  with  Sevtn's  "  Bwax  Lalie  "  In  San  BenunUoo  Countf. 

>  Bm  E.  Ctrltta,  Bi«.  and  Hln.  Jour.,  vol.  78,  Noronba  10,  IWH. 

•  B*»  A.  BwgeM,  Zeitadu.  pnkt.  Oeolofte,  I9»,  p.  U. 
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One  of  these  Balte  is  an  ammonium  borate,  and  another  ammonium 
compound — bouBsingaultite,  (N'H«)jMg(S0«),.6H,O — is  also  formed 
ftt  this  locality.  According  to  C.  Sduoidt '  the  condensible  vapors 
from  Uie  fumaroles  of  Monte  Cerboli  contain  bono  acid  and  am- 
monia in  considerable  amoimts,  with  much  lees  hydrogoa  sulphide. 
Water  issues  with  tiie  vapors,  and  in  s&mplee  condensed  from  several 
vents  C.  M.  Kurtz  '  fotmd  solid  contents  ranging  from  less  than  1 
to  more  than  7  grams  per  liter.  Four  of  the  lagoon  watws  examiued 
by  Kurtz  contained  the  following  quantities  of  foreign  matter: 

Fortign  matter  in  TuKon  lagoon  waitrt. 
[Orama  p«  liur.] 


Total  NlMs. 

?^cS? 

's^slr 

8. 565 
6.720 
2.006 
22.575 

4.154 
4.032 
1.100 
19.300 

The  high  figures  of  the  last  example  represent  a  concentration 
from  all  the  upper  waters,  which  are  imited  at  the  lowest  level.  In 
tiie  dark-brown  sedimrait  of  the  lagoons  Schmidt  found  gypsum,  am- 
monium sulphate,  ammonium  thiosulphato,  ammonium  sulphide, 
anunonium  carbonate,  nt^nesia,  and  a  little  soda  and  potash  mixed 
with  a  clay  derived  from  dolomite  and  colored  by  iron  sulphide.  He 
also  analyzed  the  mother  Uquor  left  by  the  lagoon  waters  after  most 
of  their  boric  acid  had  be«i  deposited.  I  have  reduced  his  analysis 
to  peroentages  of  total  solids,  and  esswitially  to  ionic  form,  except 
that  for  the  excess  of  boric  acid  I  prefer  to  use  the  symbol  H^BOi. 
Schmidt  gives  the  total  soUds  as  16.374  ^%ms  per  liter,  reckoning 
the  free  acid  as  BjO,;  as  recalculated  the  sum  becomes  18.548.  The 
revised  figures  are  as  follows: 

Awd^tet  qfmoOier  liquor  from  ZWoon  lagoon  water. 


pvllur. 

a 0.39 

SO4 49.37 

BO,  in  borotei 2. 60 

H,BO, 28.92 


Na.. 


Mg 

(AI.Fe),0,. 
MnjO, 


j; 1.0 

m, 16.7 

I  Ann.  Clum.  Phann.,  vd.  US,  !»«,  p.  sn.   Id  vol.  icn,  1»7,  p.  180,  Sohmldt  tin  di 
if  ttUMglaa. 
iDtnctar^  Foljt.  JoiB.,  ToL  213,  ISH,  p.  W. 
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In  tiie  light  of  all  the  foregoing  data,  we  may  reasonably  assume 
tliat  there  is  a  relation  between  boric  acid  and  ammonimn,  at  least 
wherever  hot  springs  carry  appreciable  quantities  of  borates.  The 
boron  and  the  nitrogen  appear  leather,  a  fact  which  has  led  to  the 
hypothesis  that  boron  nitride,  decomposed  by  steam,  has  been  the 
parent  compound.* 

Boron  mtride,  BN,  is  a  well-known  artificial  substance;  it  is  very 
stable  and,  with  steam,  gives  the  required  reaction,  but  it  has  not  yet 
be«i  observed  as  a  natural  mineral  species.  Its  invocation,  thw,  as 
an  ^ent  in  the  production  of  borates  is  purely  hypothetical,  however 
probable  it  may  be.  The  same  objection  applies  to  Dumas's  suppo- 
sition ihat  boron  sulphide,  B,S„  also  decomposed  by  steam,  was  the 
sourceof  the  boric  acid  contained  in  the"  aoffioni."  '  That  hypothesis 
was  indicated  by  the  preeence  of  hydrogen  sulphide  in  Uie  boron- 
bearing  vapors.  P.  Bolley '  suggested  that  a  reaction  of  ammonium 
chloride  on  borax,  which  he  proved  to  be  experimentally  possible, 
might  give  rise  to  the  observed  phenomeaa;  and  E.  Bechi,*  in  a  later 
memoir  than  the  one  previously  cited,  traced  the  borates  to  tba  neigh- 
boring ophiolitic  serpentines,  in  which  he  found  at  least  one  inclu- 
uon  of  datolite,  a  borosilicate  of  lime.  The  serpentine,  heated  to 
300°  in  a  cnireait  of  steam  and  carboiuc  acid,  yielded  boric  acid, 
ammonium  compounds,  and  hydrogen  sulphide — the  very  products 
found  in  the  fimiaroles.  Serpentine,  however,  is  a  secondary  rock,  and 
may  have  derived  its  borates  and  anunonimn  salts  from  the  solutions 
idiich  brought  about  the  transformation  of  the  oriiginal  gabbro. 

In  recent  years  E.  Perrone  *  and  R.  Nasini  *  have  su^ested  that  the 
Tuscan  boric  add  may  be  derived  from  the  decomposition,  by  water, 
of  tourmaline  contained  in  deep-seated  granites.  Nasini  supports  this 
opinion  by  showing  that  steam  at  high  temperatures  extracts  boric 
acid  from  tourmaline.  The  su^estion,  however,  does  not  account 
for  the  ammonium  compounds  associated  with  the  boric  acid. 

IB.  WarlngtoD,  Cbern.  Ou.,  ISM,  p.  lis, irlth  sp«d>l  nhmioa  to  Vukano,  Liparl  Islands.  H.  Balnle- 
CtelraI>«vIIlguidr.WShl>',Aiui.Cbani.Plunii.,val.iaG,lSSS,p.TI.  O.  p(9p,l<]em,SUiniro.Bd.,ISn, 
p.B.  E.  BaotJ,  BdIL  Boo.  Ind.  "»'"  ,  vol.  S,  1B9T-£S,  p.  SK).  A.  Lacroli  (Ciimpt.  Rend.,  voL  HT,  ItOS, 
P.IISI)  ba*  found  unrnmlDD)  cUcilda  *iid  borki  oicld  In  rennt  tiunwidn  alVtsuvliis. 

■8«sp>pa  b;  A.  Tuyta  on  tbe  Tuscan  fumirolca,  Annalea  chlm.  phya.,  3d  Mr.,  vol.  1,  lMl,p.  M7.  Ha 
•dopU  Dumai'i  thMXy. 

I  Ann.  Cban.  Fharm.,  vol.  88,  ISU,  p.  13S. 

•AttlB.acatd.  UiKiel,3d>a'.,  vol.  3,Ig78,p.tH.  Bee  al»  a  nunmii?  by  H.  SchUt  In  Bv.  Deulacb. 
«beni.  0(BeU.,  Ted.  11,  ISTS,  p.  UK. 

•  Cwt*  IdincmilibS  d'llallB,  No.  31, 1904,  p.  3SS. 

•AbatnotInOeol.Caitndbl.,TDl.g,iaae,p.41S;  andAttlR.aosd.  LinniI,Stti  9v.,  Tol.  IT,  inS,  p.  43. 
Fur  nltUmi  of  Fenwieand  Nasini, Me  a.il'AdiianU,AtUSoc.  kacana  Kl.Dat,U(>n<Bfe,  voI.23,l9lI7, 
p.S,andBeDd.B.  accad.  LlnoeI,Gaiwr.,vol.  17,  U»S,p.33S.  For  along  paperon  the  ortflnof  boric  acdd 
and  the  boiataa,  na  A.  d'Adilvdl,  AtU  Son.  towsna  ad.  nat.  Plaa,  ISTS,  vol.  3,  fan.  9.  Earllv  Dwndra 
an  by  H.CoqDand,  BuU.  Sac.  g«ol.  Fnnce,  ad  w.,  vol.  e,  U4g-4»,  p.  gi;  C.  SaiDt»ClaIreD(rrllleind  r. 
Lebliine,  Compt.  Beod.,  vol.  ii,  1857,  p.  790;  vol.  47,  ISU,  p.  SIT;  and  F.  Foiiqu<  and  H.  Goroelx,  idan, 
vol.  eo,  IMB,  p.  we.  Tbe  caacs  from  tbe  "aoffioni"  bave  bem  atndled  by  R.  Nulal,  F.  Andwlbil,  and 
B.  Balvad«l(Attl  R.aocad.  Lineal, nth  ST., Msnorle,  vol.  3,  lSW,p.388),aawellaaby)amao(UW8liove- 
boQ  dioxida  la  the  principal  gu. 
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An  entirely  different  mode  of  occurrence  for  borates  ia  shown  on 
an  extensive  scale  in  Nevada  and  southern  California  and  at  a  few 
localities  in  Or^on.>  Here  borax,  as  such,  is  found  in  considerable 
quantities;  but  the  calcium  salte  ulexite  and  colemanite  are  by  far  the 
more  important  species. 

In  Esmeralda  County,  Nevada,  at  Teel's  marsh,  Rhodes's  marsh, 
Columbus  mush,  and  Fish  Lake,  ulexite,  NaCaB(O,.SH,0,  ia  the 
principal  borate.  It  occurs  in  nodules,  known  locally  as  "cotton 
balls,"  which  have  a  fibrous  structure  and  seem  to  be  in  process  of 
fonnation,  the  smaller  masses  gradually  becoming  lai^er.'  At 
Bhodes'a  marsh,  according  to  Joseph  Le  Conte,*  the  central  part  of 
tile  area  is  occupied  by  a  bed  of  common  salt,  around  which  there  are 
deposits  of  sodium  sulphate.  Beyond  the  sulphate  beds  the  borax 
and  ulexite  are  found.  These  "marshes,"  which  are  really  playa 
lakes,  are  of  secondary  origin;  and  M.-R.  Campbell,  speaking  of  the 
similar  formations  in  California,^  attributes  their  borates  to  leachings 
from  beds  of  Tertiary  sediments. 

The  borates  of  ^uthem  California  are  widely  scattered  over  a  lai^ 
area,  which  ia  practically  a  contiauation  of  the  Nevada  field.  They 
are  found  especially  in  Inyo  and  San  Bernardino  counties,  in  DeaUi 
Valley,  along  the  basin  of  the  Amargosa  River,  and  elaewhere.  The 
locahty  known  as  Searles's  marsh,  or  Searles's  borax  lake,  has  been 
worked  since  1873;  and  as  it  has  yielded  a  number  of  new  mineral 
species,  it  deserves  special  consideration  here.  In  chemical  interest 
it  rivals  Stassfurt,  although  its  s^tematic  study  is  hardly  more  than 
b^un.  Borings  at  this  point,  according  to  De  Groot,'  have  revealed 
the  following  succession  of  deposits: 

Section  at  Searla't  inarth,  San  Bernardino  County,  California. 

FaM. 

1.  Salt  aad  thenardite 2 

2.  Clay  and  volcanic  aand,  with  K>me  hankrite 4 

3.  Volcanic  sand  and  black  clay,  with  bunchee  of  trona 8 

4.  Volcanic  Band,  containing  gUuberite,  thenardite,  and  a  few 

cryatalH  of  faanksite 8 

5.  Solid  trona,  overlain  by  a  thin  layer  of  very  hard  material 28 

6.  Mud,  Bmelling  of  hydrogen  milpliide  and  containing  layera  of 

glauberit«,  Boda,  and  hanksite 20 

7.  Clay,  mixed  with  volcanic  aand  and  permeated  with  hydrogen 

flulphido 230+ 

>  Bm  n.  a.  Hsnki,  ThlRl  Am.  Kept.  Slate  UlncraloglM  CUikinila,  1883,  uid  Am.  ronr.  Bel.,  3d  Mr.,  voL 
t7,  IBM,  p.  61;  H.  D«  Qnwt,  Tnlli  Ann.  Sitpt.  CiUtonU*  8tat«  Unlne  Bnnui,  inO;  0.  E.  Bailey,  Tti« 
Mline  dv<»lta  of  CaUlnnila:  BnlJ.  No.  M,  Calftonila  Stete  Unlns  Bunui,  1909.  For  tbe  Ecology  ol  tbt 
Horn  dspoelta  In  Ceath  Valley  and  th*  liaiutr*  Dcswt.aa*  M,  B.  Campbdl,  Bull.  U.  S.  Oni.  Survg;  No. 
aOO,  1903,  and  an  article  in  Eng.  and  lllD.  Jam.,  vol.  7i,  19Q1,  p.  SIT.  An  [mporCant  memoir  on  the  bona 
deposltaof  the  United  Btatee,  by  C.  R.  Kayta,  lain  the  Boll.  Am.  Inst.  Uln.  Eng.,  1909,  p.  SOT. 

■  Rflpt.  State  I£Incnloglsl  Nevada,  1S7I-71,  p.  30. 

•  TmM  Ann.  Kept.  Blats  UHHralogfat  CaUltenla,  188J,  p,  tl. 

t  noil.  V.  8.  neol.  Survey  No.  313, 1003,  p.  401.  Bee  aba  J.  C.  Spurr,  Ball.  U.  S.  Qeol.  Survey  No.  aOB, 
1903. 

•  Toith  Ann.  Kept.  Coilliinila  Slate  Mining  lliimui.  1i^,  p,  :a!i. 
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The  borax  of  Searles'a  marsli  is  found  chiefly  in  the  top  crust,  or 
crystallized  in  the  water  which  sometimes  accumulates  in  the  ddpres- 
sions  of  the  bed.  This  layer  is  reproduced  by  alow  de^reee,  through 
capillary  action,  which  brings  up  the  soluble  aalta  from  below,  bo  that 
ihe  same  area  can  be  repeatedly  worked  over.  In  the  workings  the 
following  mineral  species  have  been  found:* 

Anhydrite CaSO,. 

Gypsum C«S04.2H;0. 

Cdestite SrSO,. 

Thenudite N»^,. 

MirabiUte NajSO..10H,O. 

Glauberite NaaCftCSOj),. 

Sulphohalite  ' Na,(804),CIF. 

Hankrite Na^(804),(CO,),Cl. 

Bonw ....Na^A-lOHiO. 

ColeDUuito Ca^On-SHjO. 

Galcite CaCO,, 

Dolomite MgC»(CO,)j. 

Natron N»CO,.10H^. 

Tkdm, NajH{C0j),.2B;0. 

G«yliuBite> NftjCa(C0,),.5^0. 

Piwwnite  ■ Na,C«(C0,)j.2H^. 

Ncathupite  * N^Ug{CO,),Cl. 

Tychite  * N»iMg,(CO,)<SO«. 

HaUte NaCl. 

Soda  niter NaNO,. 

Searieaita* Na^,B,0,.4SiO,.2H^. 

Sulphur,  from  reduction  of  sulphates.* 

In  the  water  from  IS  feet  below  the  crust,  or  "crystal  layer," 
ammonium  sidts  are  reported  to  occur — a  fact  which  becomes  pecul- 
iarly significant  when  it  is  considered  in  connection  with  the  presence 
of  soda  niter  also.  To  this  point  we  shall  recur  later.  It  is  evident 
tiiat  the  parageneeis  of  all  these  mineral  species  presents  a  complex 
chemical  problem,  quite  analogous  to  that  investigated  by  Voa't  Hoff 
in  his  studies  of  the  Staesfurt  beds. 

1  De  Oroot  aba  nuDtlona  margjtlte,  «mlxillte,  and  gold ;  hut  tbcse  mlinrals  have  no  obrhmaretatloDdilp 
tDftaotlurBptotaB. 

■  B.  L.  PloAtla,  Am.  lottr.  Scl.,  4Ui  Mr.,  vol.  9, 1900,  p.  425. 

■  I.H.  PnCt.Am.Tour.  Sd.,4th9«.,vol.a,  lSM,p.  USstHq.;  vol.  3, 1807,  p.  711. 

i  S.  L.  FiDlleld  and  O.  S.  Junloon,  Idam,  vol.  X,  1MB,  p.  317.  Tha  auUnis  prapkrad  tjdilte  irnthat' 
kally.  Both  noitliuplta  and  tycfalta  haw  also  bem  made  ariillclally  by  A.  B.  de  Sdiultca,  Bull.  Boo. 
lUn.,  vol.  ie,  1899,  p.  1«,  and  Compl.  Rend.,  vol.  lU,  IMS,  p.  WJ.  The  reltitiima  between  the  two  ipecice 
ara  pntaapimne  dearly  exprenad  by  lormuln  of  the  foUowing  type: 

Tydilte U(gCOi.lNaiCOtJ4adO,. 

Nenttnplla 3UgOOi.3NeiCOi.aNaa. 

On  gayloBila  and  plnsiHiJIa,  sea  H.  Wegjdiddv  aud  B.  Walts,  Uimatsh.  Chemle,  vol.  38, 1807,  p.eSS. 

•  E.  B.  Unm  and  W.  B.  Hlcln,  Am.  Jour.  Sd.,  4tb  av.,  vol.  M,  ISM,  p.  07.  Bearleella  la  peoallarlr 
taUnaUng  as  the  flnt  knovn  axample  of  an  aUmllne  boniBlllcBte. 

•  For  a  full  dotriptlon  of  On  mliwah  ol Sttrln's  manh.see  H.  B.  Qele  and  W.  T.  BdisUv,  BnlL  V.  B. 
0«ol.  Borvay  No.  080, 1914,  pp.  386-308.   On  pp.  ITS  and  177  Oale  cita  analyaea  ol  Uie  brine  of  the  mardi 
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Aboat'  12  miles  north  of  Daggett,  in  the  sonthem  part  of  San 
Bernardino  County,  &  still  different  borate  deposit  is  found.'  Here, 
interstratified  with  lake  sedimeats,  a  solid  bed  of  colemanite  exists, 
whidi  ranges  from  5  to  30  feet  in  thicknesB  and  is  bi^y  crystalline. 
At  one  end  like  colemanite  is  innch  mixed  with  sand,  gypsum,  and 
clay,  sn^esting  that  it  had  been  laid  down  at  the  edge  of  an  evapo- 
rating sheet  of  water.  Campbell  regards  the  borax  of  the  Amargosa 
marshes  as  probably  derived  from  the  leaching  of  deposits  simi- 
lar to  UuB.  H.  S.  Gale,*  however,  who  has  more  recently  studied 
the  colemanite,  r^;ards  it  as  a  vein  mineral. 

From  another  point  in  the  Mohave  Desert  a  mineral  has  been  re- 
ported* (bakerite),  having  the  empirical  formula  8Ca0.5BiO,.6SiO^ 
6^0;  but  its  definite  ^aracter  is  yet  to  be  ascertained.  Priceite, 
which  is  probably  a  massive  form  of  colemanite,  is  found  in  Cnrry 
County,  Oregon,  on  the  shore  of  the  Pacific.  It  occurs  in  com- 
pact nodules,  from  the  size  of  an  egg  up  to  several  tons  in  weight, 
associated  with  serpentine.*  Pandermite,  another  variety  of  the 
sante  species,  from  near  Panderma,  on  the  Sea  of  Marmora,  also 
forms  nodules,  but  in  a  bed  underlying  a  thick  stratum  of  gypsum. 
Colemanite  and  its  modifications,  then,  exist  under  a  variety  of  dif- 
ferent conditions,  and  we  can  not  say  that  it  has  always  been  pro- 
duced in  the  same  way.  It  is  stated  by  Campbell,'  however,  that 
the  lake-bed  deposits  of  California  were  probably  laid  down  during 
a  period  of  volcanic  activity. 

Both  colemanite  and  pandermite  have  been  prepared  artificially 
by  J.  H.  Van't  Hofi,*  who  acted  on  ulexite  (boronatrocalcite)  witJi 
saturated  solutions  of  alkaline  chlorides.  With  a  solutaon  of  sodium 
and  potasBimn  chlorides  at  110°  pandermite  was  formed  to  which  Van't 
Hofl  assigns  the  formula  Caa^O^.tSHjO.  Colemanite,  CajBgO,,. 
SHjO,  forms  from  ulexite  in  a  sodium  chloride  solution  most  readily 
at  70°.  Van't  Hoff,  it  will  be  noticed,  does  not  r^ard  pandermite 
and  colemanite  as  identical. 

Immediately  south  of  Lake  Alvord,  in  Harney  County,  Or^;on,  an 
extensive  marsh  is  covered  by  an  incrustation  containing  borax,  salt, 
sodimn  sulphate,  and  sodium  carbonate  in  varying  proportions.' 
This  locality  has  been  worked  for  borax,  and  the  deposit  is  said  to  be 
continually  reproduced.  The  region  calls  for  more  complete  exami- 
nation, especially  on  the  chemical  side. 

1  Sn  U.  E.  CimptwU,  Boll.  U.  S.  Qeol.  Survey  No.  MO,  and  W.  H.  Btonu,  Elvnolli  An.  Rvt  Cal- 
Umfe  Stale  MSaiag  Bunau,  isas,  p.  ZU. 

•  Prof.  P^xr  U.  8.  0*>1.  Sarrty  No.  8£,  ItUl,  p.  3. 

•  W.  B.  QDm,  H&Mtalog.  Hie.,  ^1- 13, 1M>3,  p.  3J». 

•  InfimiaUaii  noatved  tram  J.  B.  DUIb-,  who  htB  oaniliiad  the  loeall^. 

•  Bog.  and  Uln.  lour.,  vol.  74, 1903,  p.  GI7. 

•  Sltsonffb.  Akad.  BirilD,  vol.  3S,  1906,  pp.  Ufl,  BM. 

'  W.  n.  I>cniib,  En(.  and  Mbt.  Joor.,  vol.  T3, 1«»,  p.  081. 
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In  the  arid  repon  of  southem  California  beds  containing  sodiuin 
nitrate  are  found  near  the  borate  deposita.  The  aame  aeeociation,  if 
we  can  jusUy  call  it  bo,  also  exists  in  South  America,  where  the  soda 
niter  of  the  Tarapaca  and  Atacama  deaerte  ia  accompanied,  more  or 
less  closely,  by  ulexite.  As  early  as  1844  A.  A.  Hayes  '  described  the 
calcium  borate  from  near  Iquiqne,  and  noted  its  association  mth 
^auberite,  gypeum,  pickerin^te,  and  a  native  iodate  of  sodium. 
D.  Forbes,*  describing  more  fully  the  salines  of  this  r^on,  which  he 
r^arded  as  post-Tertiary,  added  salt,  epeomite,  mirabihte,  thenardite, 
^aaberite,  soda  alum,  anhydrite,  soda  niter,  and  borax  to  the  list  of 
species.  The  salines  themselTes  Forbes  attributed  to  the  concentra- 
tion of  sea  water,  but  the  borates  were,  he  believed,  of  volcanic  origin. 
They  occur  in  the  more  elevated  parte  of  the  saline  region,  in  which 
he  found  active  fumaroles;  but  the  latter  wexB  not  examined  for 
boron.  Liater  *  he  was  able  to  confirm  this  view  by  finding  a  calcium 
borate,  eidier  ulexite  or  bechilite,  actually  in  process  of  deposition 
at  ihe  hot  springs  of  Bafios  del  Toro,  in  tiie  Cordilleras  of  Coquimbo. 
L.  Darape^,  in  bis  work  on  the  Taltal  district,*  speaks  of  ulexite  as 
a  r^nlar  companion  of  the  nitrates,  and  especially  notes  the  presence 
of  borates  in  the  waters  of  a  lagoon  at  Maricunga.  The  borax ' '  lake  " 
of  Ascotan,  according  to  R.  T.  Chamberlin,*  derives  ite  borates, 
mainly  ulexite,  from  leachings  from  adjacent  volcanoes. 

Farther  east,  in  Argentina,  several  borate  localities  are  known. 
J.  J.  Eyle  *  describee  ulexite,  associated  with  glauberite,  from  the 
Province  of  Salta,  and  refers  to  ite  existence  in  Catamarca.  It  is  also 
foimd  at  Salinas  Grandes,  Province  of  Jujuy,  according  to  H.  Butt- 
genbach,^  who  describes  the  occurrence  in  some  detail.  The  center 
of  the  deposit  is  covered  with  rock  salt  20  to  30  centimeters  ta  thick- 
ness, and  around  ite  borders  the  ulexite  nodules  are  unevenly  dis- 
tributed. Gypeum,  soda  niter,  gtauberite,  and  pickeringite  are  also 
foimd  with  it,  the  gypsum  predominating.  Boracite  and  camallite 
are  absent.  The  locality  is  overfiowed  in  spring  by  water  from  the 
mountains,  but  is  dry  in  summer,  and  Butt^onbach  expresses  the 
opinion  that  ulexite  is  produced  every  year  at  fiood  time. .  It  will 
be  remembered  that  this  same  phenomenon  of  growth  was  noted  in 
connection  with  the  Nevada  mineral.     The  boric  acid  of  the  ulexite 

■  Am.  Jour.  ScL,  Utur.,  Tal.47,  lB«,p.21G. 

■Qiurt.l<Nir.  0«al.  8oc.  LoDdon,  vol.  IT,  I88I,p.  7. 

'Fhlk*.  Ibg.,  401  Mr.,  vol.  2G,  1863,  p.  113. 

•DMl>«pVtMMntTiltal(CIiI|g},  BwUn.lOOO.    S«e  opcoUIr  pp.  l«g,  ICO,  IBS.    An  sbstnct  la  prlntad 

ti  Z«ltodir.  pnkt.  a«^o(l*,  iwa,  p.  Ui. 

*  loot.  Otolegy,  via.  20,  p.  7e3, 1912. 

*  AuIm  Boc  eicol.  AJcnUiia,  vol.  10, 1880,  p.  lat. 

)  AnnalM  Soe.  tM.  Briclqua,  vol.  38,  If,  IWO-lMl,  p.  M.    An&lTia  ol  tbe  ulaiils  BM  glT«i. 
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is  regarded  by  Butt^enbach  as  being  of  volcanic  origin.'  The  same 
view  is  held  by  A.  Jockamowitz '  with  regard  to  the  ulexitt)  of  the 
Salinas  Lagoon,  Province  of  Arequipa,  Peru. 

The  old  localities  for  borax  in  Tibet  and  the  adjacent  r^ons  have 
been  little  visited  by  Europeans,  and  detailed  information  concerning 
tbdmis  very  scanty.  H.  von  Schlagintweit,*  however,  has  described 
the  great  borax  deposits  of  the  Fuga  Volley,  in  Ladak,  where  the  min- 
eral covers  the  ground  over  a  lai^  area  to  an  average  depth  of  3 
feet.  The  borax  is  a  deposit  from  hot  springs,  which  issue  more  than 
15,000  feet  above  sea  level,  at  a  temperature  ranging  from  54°  to  58° 
C.  The  saline  mass  also  contains  free  boric  acid  and  sulphur,  with 
less  salt,  sjumonimn  chloride,  m^nesium  sulphate,  and  alum,  and 
there  is  much  gypsum  in  its  vicinity.    No  ulexite  was  found. 

On  the  peninsula  of  Kertch,  near  the  Sea  of  Azov,  borax  occurs 
among  the  erupted  substances  of  the  so-called  "mud  volcanoes."* 
It  effloresces  upon  the  surface  of  the  dried  mud,  and  is  more  or  less 
mixed  with  salt  and  soda. 

Since  borat(»  are  present  in  sea  water,  it  follows  that  they  must 
also  occur  among  the  products  of  its  evaporation.  This  conclusion  is 
best  verified  at  Stas^urt,  where  the  following  species  are  found:  * 

Bwacite Mg,CliB„0„. 

Pinnoite MgB^,.3H,0. 

Aachtuite SUg^/it.2Rfi. 

Heintrite EfUg,B^„.14HtO. 

Hydroboiacite  (7) C(il%B,0,i.6H^. 

Sulphoborite 2Mg60..4MgHBO,.7H,0. 

Of  these  species,  hydroboracite  is  found  in  the  lower  deposits  at 
Stassfurt,*  associated  with  anhydrite;  the  others  are  characteristic 
of  the  camallite  zone.  That  is,  they  are  mother  liquor  salts,  and 
among  the  latest  substances  to  crystallize.  It  is  also  to  be  noted 
that  they  are  essentially  magnesian  borates,  and  that  calcium,  which 
is  the  dominant  metal  in  the  Chilean  and  Califomian  localities, 
occurs  in  only  one  of  the  Stassfurt  s[>ecies.  This  is  what  we  should 
expect  from  sea  water,  in  which  magnesium  is  abundant  and  calcium 
relatively  subordinate.  In  any  general  discussion  of  the  genesis  of 
borates  this  distinction  must  be  borne  in  mind.' 

■  In  Chan.  Z«Jtaiie,  vol.  30,  ism,  p.  IBO,  F.  Relchcrt  describes  etghtaftha  Arsmtine  "bcntBns"  and 
ftrta  uutlfwa  ot  tbeir  prodacta.  Ui>  oamplate  npoit,  L«  ; KClmleatoa  da  bontw,  etc.,  b  In  Aiulea  del 
HlaisHrk>dsacrtei]ltan,BacDiwAlns,  1007.  Foianatetract,  sea  ZeltscliT.E17gt.Uln.,  vol.17, 19IHI,  p. 
nu. 

>  Bol.  Ciurpa  tng.  mloM,  Pen,  No.  M,  ISDT. 

•  Sltnuwib.  Acad.  Uflaohtn,  Tcri.  8, 187S,  p.  ElB. 

>  W.  S.  Venudaky  and  B.  P.  Popoff,  Zailaiair.  ptakt.  Oeologle,  IMZ,  p.  79. 

•  LOaebuiglte,  ■  mBgDeslum  barapboq]tiala  lomid  with  the  potash  salts  of  LQnaliuis,  tlaimOTer,  mm 
bMr  be  iDohidad  vith  thb  list. 

•  In  hb  paper  oa  the  Uialea  ol  the  Qermait  potash  nlta,  H.  £.  Boake  (GaibdU.  Ubi.,  Geol.  a.  Pal., 
1910,  p.  Ul)  does  not  nuutlon  hydroboracite.    Its  IdsatiAcatkn  li,  pMhaps,  not  qoll«  nrlAln. 

'  Hee  abo  W.  Bllti  and  E.  Uorcus  (Zellachr.  anorg.  Chamie,  vol.  72.  1911,  p.  302)  on  the  boiatts  ot 
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In  the  gypsum  beds  of  Nova  Scotia  ulexite,  howltte,  and  crypto- 
morphite  are  found,  associated  with  anhydrite,  selenite,  mirabilit«, 
salt,  aragonite,  and  calcit«.'  Howhte  is  represented  by  the  fonnula 
H,CftB^iO„;  cryptomorphite  *  is  probably  H,Na«Ca,(B^OT),.22H,0. 
If  this  gypsum  is,  as  most  authorities  assume,  a  marine  deposit,  these 
salts  occupy  a  position  similar  to  that  filled  by  hydroboracite  at 
Stassfurt,  but  the  total  absence  of  magnesium  is  rather  striking.* 

In  order  to  account  for  the  origin  of  boric  acid  and  saline  borates, 
three  hypotheses  have  been  proposed  and  strenuously  advocated. 
First,  they  may  be  derived  from  the  leaching  of  rocks  containing 
borosilicates,  such  as  tourmaline,  axinite,  dumortierite,  danburite, 
and  datoUte.  Second,  th&j  are  supposed  to  be  of  volcanic  origin. 
Third,  ihey  are  regarded  as  marine  deposits.  Probably  each  mode 
of  derivation  n  represented  by  actual  occurrences  in  nature,  as  may 
be  judged  ^m  the  evidence  brought  forward  in  the  preceding  pages, 
but  the  first  supposition  has  not  been  directly  tested  at  any  known 
locality.  Many  rocks,  especially  granites  and  mica  schists,  contain 
tourmaline;  they  undai^  decomposition,  and  boric  acid  is  washed 
away ;  but  borates  from  that  source  have  not  been  found  to  accumu- 
late in  any  known  saline  reudue.  They  may  do  so,  but  they  have  not 
been  directly  traced.  If,  however,  it  could  be  shown  that  volcamc 
borates  came  from  the  thermal  metamorphism  of  tourmaline-bearing 
rocks,  the  first  and  second  hypotheses  might  be  partly  unified.  Even 
then  the  question  of  the  formation  of  soluble  borates  by  weathering 
would  be  untouched. 

The  volcamc  theory  seems  to  fit  a  considerable  number  of  borate 
localities,  although  \ta  application  to  some  cases  may  have  been  forced, 
and  for  others  its  validity  has  been  doubted.  Several  writers  have 
denied  die  volcanic  character  of  the  Tuscan  fumaroles,  despite  the 
thermal  activity  of  the  r^on  and  the  presence  in  it  of  eruptive 
rocks.*  That  boric  acid  is  emitted  from  volcanic  vents  is,  however, 
unquestionable.  It  is  there  associated  with  ammonium  salts  precisely 
as  it  is  at  Monte  Cwboh — an  association  which  can  not  be  overiooked 
or  disregarded. 

The  marine  origin  of  borates  is  most  evident  at  Stassfurt,  although 
even  here  their  presence  has  been  attributed  to  the  injection  of  vol- 
canic gasee.  Here,  however,  and  abo  in  the  gypsum  beds  of  Kova 
Scotia  the  nitrc^en  compounds  are  lacking,  a  clear  distinction  from 
the  presumably  volcanic  occurrences.    At  Stassfurt  the  volcanic 

iSmH.How,  Am.jDUi.8oL,2dMr.,  ToL32,ieei,p.g;  FhOaa.MaclUisMr.,  Tol.3fi,  ISBB.p.SI;  toL41, 
1871,  p.  2T0. 

'Calailattd  bj  F.  W.  Ctirka  fiom  Haw'i  uialyib. 

•  ThasnotEtlim  of  J.  W.  Dawaon  [Aoadtao  geokigT,  1801.  p.  Z6Z)  that  tbeM  (CMmooiu  nussn  ol  gypeam 
wn  iHodoOol  by  th«  aetSai  at  >cid  vcdciuk:  walen  on  llmastona  la  ol  doubtful  slgnlflcuice.  Th«  afloo, 
tKntBra-,  ccmtalns  era  pUva  rocks  In  (treat  abandaiuw,  abet  which  ataji  partly  JiutUy  the  apeoulatloD. 

<  Bm,  lOrnumplg,  aletttrftom  W.  P.  larvla,  published  by  H.  Q.  nankitn  Third  Add.  lUpt.  SUtaUin- 
aaloglrt  CatUmla,  18«3,  p.  t^  al»  L.  Dieulablt,  Compt.  Kwid.,  vol.  100, 18»,  p.  IMO. 
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hypothesis  seems  to  be  quite  superfluous,  and  the  derivation  of  all 
the  saline  substances  which  there  coexist  can  be  moet  easily  ex- 
plained as  due  to  the  concentration  of  sea  water.  The  existence  of 
borates  in  the  latter  is  clearly  eetablished;  but  whence  were  they 
derived  t  Any  answer  to  that  question  must  be  purely  speculative. 
Whether  we  invoke  tho  aid  of  submarine  volcanoes  or  attribute  our 
borates  to  leachings  from  the  land,  we  go  beyond  tile  limits  of  our 
knowlet^  and  remain  unsatisfied. 

Confining  ourselvee,  then,  to  consid«%tions  of  a  proximate  char- 
acter, we  may  fairly  assert  that  cwtain  borate  localities  are  of  volcanic 
and  others  of  oceanic  origin.  Nevcolheless,  attempts  have  been  made 
to  explain  all  these  deposits  by  the  marine  hypothesis,  as  in  the 
memoirs  of  C.  Ochsemus  '  and  L.  Dieulafait.'  Dieulafait  tries  to 
prove  that  all  saline  deposits  are  primarily  derived  from  sea  water, 
in  either  ancient  or  modern  times,  and 'even  the  Tuscan  "soffioni" 
are  supposed  by  ^lim  to  draw  their  boric  acid  from  subterranean  salif- 
erous  sediments.  Mother  hquora,  rich  in  magnesium  chloride  and 
heated  by  steam,  are  thought  to  hberate  hydrochloric  acid,  which, 
acting  upon  the  magnesium  borates,  sets  boric  acid  free,  to  be  carried 
upward  by  the  escaping  vapors.  These  reactions  are  possible,  but  it  is 
not  proved  that  they  have  actually  occurred.  Ochsenius  also  arguefi 
in  much  the  same  way,  and  points  out  that  beds  of  rock  salt  exist  at 
no  very  great  distance  from  the  rt^on  of  fumaroles.  Their  mother 
liquors  are  to  his  mind  the  source  of  the  boric  add. 

If  we  turn  to  the  ulexite  and  colemanite  beds  of  California  and 
CSiile,  we  find  a  distinct  set  of  phenompna  to  be  interpreted.  Hero  we 
deal  undoubtedly  with  ancient  lake  beds,  but  the  residues  contain 
calcium,  not  magnesiimi  borate.  Some  of  the  deposits  are  below  sea 
level,  as  at  Death  Valley;  othere  are  thousands  of  feet  above,  as  at 
Maricunga;  and  in  or  near  aJl  of  them  nitrates  are  also  found.  Hot 
springs  are  common  in  botiii  regions,  in  California  as  well  as  in  CSiile; 
but  they  have  not  been  exhaustively  studied.  Do  they  contain  boric 
acid  and  ammonia  %  If  so,  did  the  lake  beds  derive  their  nitrates  from 
such  sources  ?  These  questions  are  Intimate  ones  for  future  investi- 
gators to  answer,  and  the  replies  may  help  to  solve  the  problem  now 
before  us.  Ammonia,  by  oxidation,  yields  nitric  acid — a  reaction 
which  has  been  studied  exhaustively  in  the  interests  of  agriculture. 
Forbes  foimd  a  calcium  borate  forming  in  a  Chilean  hot  spring.* 
Magnesium  borates  do  not  occur  in  either  group  of  localities.  From 
these  facts  we  see  that  a  volcanic  origin  is  conceivable  for  the  deposits 
in  question,  whereas  a  marine  source  is  not  at  all  clearly  indicated. 

>Zaltaelir.pnkt.acalOElB,18a3,iip.l89,3IT.    BwstV  MptcWI;  an  pp.  321, 213. 

•  AiuuJa  chhn.  pbya.,  Stii  sw.,  Tol.  13,  Un,  p.  118;  toL  ^^  1883,  p.  Itt.  AI«a  Ompt.  Rend.,  ToL  BS, 
1877,  p.  <0S:  ml.  M,  1883,  p.  IJfiS;  vaL  MO,  1S»5,  pp.  IIH7, 13*0. 

>  Somaof  Ui>  Cbnnn  Itacnnal  wattDs,  uialrud  by  P.  UirUns  ( AotaB  Boo.  ad.  ChU,  ToL  7, 1807,  p.  Ut}, 
ooDtaln  botb  boraUs  and  annnontnm  Mlts,  bat  not  In  renurkabla  proportlitiM. 
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Neither  hypothfleis  can  be  adopted  with  any  degree  of  Bssurance;  but 
Mm  volcanic  theory  is  the  more  plausible  of  the  two.  As  we  pass  on 
to  the  study  of  the  nitrate  beds,  these  su^eetions  may  become  a  little 
dearer.  For  the  moment  the  following  summary  may  serve  to  assist 
future  discussion: 

{1)  Marine  deposits  contua  magnesium  borates. 

(2)  Lake-bed  deposits  contain  cdcium  borates,  with  nitrates 
nearby. 

(3)  Volcanic  waters  and  fumaroles,  when  they  yield  borates,  yield 
ammonium  compounds  also. 

NITRATES. 

Nitrates  are  commonly  formed  in  soils  by  the  oxidation  of  oiganic 
matter,  a  process  in  which  the  nitrifyii^  nuCTO-otf^anisms  play  an 
important  part.'  In  moist  dimates  these  salts  remain  in  the  ground 
water,  are  consumed  by  growing  plants,  or  are  washed  away;  in  arid 
or  protected  regions  they  may  accumulate  to  a  considerable  extent. 
Some  nitrates  are  also  derived  from  atmospheric  sources,  the  acid 
being  formed  by  electrical  discharges  and  brought  down  by  rain,  but 
ihmx  amount  is  probably  only  a  smaU  portion  of  the  entire  product. 
Wherever  oi^anic  mattw  putrefies  in  contact  with  alkaline  materials, 
such  as  lime  or  wood  ashes,  nitrates  are  produced — a  process  whidi 
has  berai  carried  on  artificially  in  various  coimtries  in  order  to  supply 
the  industrial  demand  for  saltpeter.  In  sheltered  places,  such  as 
caverns,  calcium  nitrate  is  often  produced  in  large  quantities,  and  its 
formation  has  commonly  been  attributed  to  the  nitrification  of  bat 
guano.*  This  supposition,  however,  may  not  cover  all  cases,  for 
W.  H.  Hess  *  claims  that  nitrates  are  uniformly  distributed  over  cave 
floors  in  Kentucky  and  Indiana,  even  in  the  remote  interiors  of  cav- 
erns where  no  guano  exists.  In  drippings  from  the  roof  of  the  Mam- 
moth Cave  he  found  5.71  milligrams  per  liter  of  N,0|,  whose  source 
he  ascribes  to  percolating  waters  from  outside.  Tha  cave,  in  his 
opinion,  acta  as  a  receptade  for  stopping  a  put  of  the  surface  drain- 
age, in  which  nitrates  are  produced  in  the  usual  way.  Eartii  gathered 
far  within  the  cavern  contains  nitrates,  but  almost  no  organic  matter. 
The  deposits  of  potassium  nitrate  found  in  Hungary  are  traced  by 

1  Bm  kr  annqilB  W.  P.  Btaddan  <Pn>c.  Cdoitda  Sd.  Soo.,  vol.  10, 1911,  p,  99),  on  unwual  ■cciiiiiiil&- 
tiraBornltntratDCBrtetnCokradosani.   He  ciM  other  lltamtnn. 

■  Sm  a.  Koiiti  and  V.  lUnMno,  Aim,  chlm.  pliys.,  sth  Mr. ,  tol.  10, 18B7,  p.  UO,  on  cave  sarth  bom  Vcd*- 
tndk.  For  uuMMUitafailtpelwBatth  In  Turkestan  Dm  N.  Ljubavlii,  Joui,  Cbam.  Soc.,  toI.  M,  ISSt,  p. 
1S8.  Od  nitrate  aarth  at  Tacunga,  Ecuador,  m«  J.  B.  Bouisingwilt,  Amulee  chim.  ph;s.,  1th  Mr,,  Tol.  T, 
UH,  p.  IH,  tolknrM  by  s  letlec  from  CiabrU,  oa  AlgnlBii  saltpeur.  U.  QtBunapp  (Ann.  Ocol.  Hfn. 
BuWle,  Tol.  IZ,  1810,  p.  42,  abstract)  deatrltiea  an  impragnatlon  d[  potassium  nitrate  In  Uie  Sananian  land- 
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C.  OchseniuB  *  to  the  mother  liquors  of  sfl&  water,  their  potassium 
chloride  being  first  transfonned  to  carbonate,  which  latter  is  then 
nitrified  in  presence  of  orguiic  substances.  In  this  suggestion  the 
hypothetical  element  is  rather  large,  although  it  is  plausibly  defended. 

We  have  already  noticed  the  existence  of  soda  niter  among  the  min- 
erals of  Searles's  marsh,  and  its  probable  association  with  ammonium 
compounds.  The  same  substance  is  also  reported  to  occur  in  liu^ 
quantities  at  various  other  points  in  southern  Califorma,  especially 
around  Death  Valley  and  along  the  boundary  between  Inyo  and 
San  Bernardino  counties.*  It  is  said  to  form  beds  associated  with 
the  later  Eocene  clays,  and  in  aome  cases  to  impregnate  the  latter; 
but  its  direct  conjunction  with  borates  is  not  positively  asserted, 
except  in  the  locahty  at  Searies's  marsh,  llie  fact  that  soda  niter 
exists  in  the  same  region  with  the  borates  is  important,  however,  for 
it  correlates  the  California  deposits  with  the  (^ean  beds,  where  a 
similar  relationship  is  recognized.  Accordii^  to  Bailey,*  the  rare 
species  darapskite  and  nitroglauberite,  previously  known  only  from 
CbUe,  are  also  found  in  the  nitrate  beds  of  Califomia. 

In  the  deserts  of  Atacama  and  Tarapaca,  in  the  northern  part  of 
Chile,'  are  found  the  largest  known  deposits  of  nitrates  in  the  worid. 
The  crude  sodium  nitrate  is  termed  locally  "caliche,"  and  the  "cali- 
cberas"  are  scattered  over  a  large  area  which  also  contains  beds  of 
salt,  "salares,"  and  the  deposits  of  ulexite  which  we  have  already 
considered.  According  to  V:  L'Olivier,'  the  nitrates  were  first  de- 
posited, then  the  salt,  generally  to  the  westward  of  the  calicheras, 
and  finally  the  borates,  whidi  lie  more  to  the  east  and  in  the  higher 
levels  of  the  evaporation  basins.  Some  ulexite,  however,  is  found  in 
the  nitrate  beds.  A  characteristic  calichera,  in  the  Atacama  Desert, 
50  miles  west  of  Taltal,  is  described  by  J.  Buchanan  *  as  being  made 
up  of  the  following  layers: 

I  zaltacbr.  pra^t.  OeologlB,  181)3,  p.  eo. 

I O.  B.  Ballgr,  Bull.  No.  3*,  CaUeoniia  Bute  Ulniiig  Bonau,  1909,  pp.  131-168. 

•  Op.ett.,p.  in. 

•  The  regfon  waa  ktiaalj  e  pert  ot  Pern  and  Bolivia, 

(  Ammla  oblm.  ^its.,  lith  aer.,  vd.  T,  187a,  p.  !SB.  For  othar  detallB  eee  D,  Forbea,  Qoert,  Jonr.  OeoL 
Soc.,Tol.  IT,  l8Sl,p.  T;C.  Ocbsenhia,  Zeltachr.  Deutach.  geol.  0«aell.,  US8,p.  U3i>iulL.  Dir^iaky,  DiB 
DepBrtement  Taltal  (ChUeJ,  Berlin,  1900.  See  also  A.  Flssb,  Nltiala  and  Kueno  deposits  In  the  Desert 
Ol  Atacama,  London,  1S7B,  published  by  BDthorltr  of  tha  ChDean  Oovernment.  An  earllar  dnoripUon 
ol  the  nitrate  field  by  T.  W.  Flaa  b  given  In  Am.  Chemist,  vol.  1, 1871,  p.  KS:  and  than  li  a  recent  Importanl 
mamolr  by  Semper  and  Uicheli,  Zellrchr,  Berg-,  HOtten-  u.  Bellmnwesen  prauss,  Bt.,  IMH,  pp.  35fr-481, 
Bee  also  W.  S.  Tower,  Kin.  and  SaLPFSs,  vol.  107, 1B13,  p.  196,  and  W.  H.  Roes,  Fop.  Sd,  l[o<iIhly,Tol, 
86, 1914,  p.  134. 

•  Jour.  Boe.  Chem.  tod.,  ToL  12, 1863,  p.  128.  Bee  ateo  B.  Slnumnbech  and  F.  Uayr,  Zelts^.  pnkl. 
Oeologle,19(H.P-373. 
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Section  ojtgfieal  ealidiera  m  Alaeama  Daert,  ChiU. 

Ft.      In. 

1.  Stmd  and  gmvel 1-2    ■ 

2.  "Chusca,"  apofouH,  earthy  gypsum 6 

3.  A  compact  man  of  earth  and  BtoDM 2-10 

4.  "Costia,"  a  low-grade  caliche,   conUining  much  lodiiun 

chloride,  feldapw,  and  earthymattflc 1-3 

e.  "Caliche."    (In  theTaiapacaDeaertitufTom4to  12  feet 

thick) 11-2 

6.  "  Coba, ' '  a  clay ±3 

The  costra  containa  a  considerable  amount  of  bloedite;  the  rarer 
minerals,  to  be  mentioned  presently,  are  found  in  the  caliche. 

The  composition  of  the  cahche  is  very  variable,  as  the  following 
analyses,  cited  by  B.  A.  F.  Penrose,  jr.,  show.' 

Ajiatyw^  o/calidie. 


A 

B 

C 

D 

B 

F 

0 

28.64 
Trace. 
17.20 

63.60 
17.25 
21.28 

41.12 
3.43 
3.58 

61.97 
5.15 
27.56 

22.73 
1.65 
41.90 

24.90 
2.50 
24,50 

NaCr 

Trace. 
&.40 
3.43 
2.87 
.49 
.047 
.043 
Trace. 

.78 
1.03 
1.35 
.48 
.56 

.75 

Trace. 

10.05 

3.86 

.20 

.21 
2.13 
.15 
.41 
.43 

Trace. 

.94 
3.13 
4.80 

.63 

Tmce. 
6.60 
6.50 
4.50 
.16 

Tmce 

None 

53.*. 

.01 

Trace. 

Trace. 

2.07 

.79 

.06 
Trace. 

6.00 

.94 

Trace. 

Trace. 

.39 

.67 

.07 

Trace. 

Trace. 

22.50 

1.76 

.054 
Trace. 

KaXtO, 

40.30 
1.88 

28.40 
2.00 

6.37 

LOO.  00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

Anhydrite,  gypeum,  thenardite,  mirabiUte,  bloedite,  epsomite, 
^uberito,  and  salt  are  associated  with  the  nitrates,  and  also  the  four 
following  more  unusual  species: 

Dan^iekite NaN0,.Na^O4.Hi0. 

Nitw^lauberite flNaN0..2Na^O«.3HjO. 

lAutarite CaljOg. 

Dietzdte 7CaI,0,.8CaCrO,. 

The  lautarite  and  dietzeite  are  remarkable  as  the  first  definitely 
known  iodates  to  bo  found  in  the  mineral  kingdom,  although  A.  A, 
Hayes'  reported  sodium  iodate  as  long  ago  as  1844.  In  dietzeit« 
we  have  a  compound  of  iodate  and  chromate  which  is  analogous  to 

I  Jont.  0eidDg7,vid.  18,1910,  p.  14;  D.  a.  Biiehanaii,uul)^t.  Por  other  (uibi];bb8  sae  L.  Dvapsky,  Du 
D«|wrlaiwnt  Taltal,  BwUd,  1«X^  A.  Zntenullo,  AnalM.  Bocdant  Argoitllw.voLflS.p.lO;  and  F.W. 
Dafert  ICoiiatsh.  Cham.,  toL  n,  1908,  p.  235. 

•  Baawiti^p.  Ml. 
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some  artificial  salts  but  whose  origin  it  is  difficult  to  understand. 
Broniiiie  is  generBUj  believed  to  be  absent  from  nitrate  beds,  but 
A.  Muutz  '  claims  to  have  found  it,  in  the  form  of  bromates,  in  the 
mother  liquors  from  which  the  saltpeter  had  crystallized  out.  Fur- 
thermore, in  recent  years  oonBidwable  quantities  of  perchloratee, 
running  in  exception^  cases  as  high  as  6.79  per  cent  of  KCHO,,  have 
been  discovered  in  Chilean  nitrates.*  Finally,  these  nitrates  always 
contain  some  borates,  perceptible  traces  of  rubidium  and  hthium, 
but  probably  no  coeium.'  The  borates  may  be  small  in  amount,  but 
it  is  doubtful  whether  they  are  ever  quite  absent. 

The  nitrate  beds  of  South  America  are  not  entirely  confined  to 
Chile,  although  the  Chilean  deposits  outrank  all  others  in  impor- 
tance. The  locality  at  Salinas  Grandes,  Argentina,  has  already  been 
noticed  in  connection  with  its  borates,  and  the  niter  there  seems  to 
be  in  entirely  subordinate  quantities.  In  the  Argentine  Territory 
of  Santiago  del  Estero,  according  to  W.  F.  Beid,*  there  are  salines 
which  form  crusts  of  salt  during  summer;  and  in  the  centera  of  the 
lagoons  mother  liquors  exist  from  which  sodium  nitrate  is  obtained. 
Zaracristi*  has  described  another  occurrence  in  the  valley  of  the 
river  San  Sebastiano,  in  Colombia,  whwe  beds  of  sodium  nitrate 
overlie  a  misture  of  gypsum  and  calcareous  clay,  containing  some 
oxide  of  iron  and  common  salt.  TUs  deposit  is  very  impure.  An 
immense  deposit  of  potassium  nitrate,  according  to  F.  Sacc,*  exists 
near  Cochabamba,  BoUvia,  in  direct  association  with  borax.  Sacc's 
analysis  of  a  sample  from  this  locality  gives  the  following  percentage 
composition  of  the  salts: 

Anak/iit  o/nitnU  depottit  nmr  CoAabamba,  Bolivia. 

KNO, «0.70 

N«»B,0, 3ft  70 

NaCl Tisce. 

HjO „ Trace. 

O^puiic  matter 8.60 

100.00 

The  soil  below  the  layer  also  contains  borax.  Sacc  attributes  the 
nitrates  to  the  oxidation  of  ammonium  salts  in  the  soil.  The  associa- 
tion of  borates  with  potassium  nitrate  is  especially  noteworthy,  and 
the  locality  ought  to  receive  a  more  detailed  examination. 

1  Amutaa  cbim.  pbr^,  «th  ser.,  ml.  11, 1887,  p.  in. 

>B.e)oUem8,Clnin.ZclUiiig,vd.30,  ISM.p.lOd.  AsUwpcmblaratesire  believed  to  Injure  the  dIItoW 
w  a  fertQUer,  a  TcdnmliKKa  dtwuMlon  ovtr  Ibair  dMectioa  nnd  eilecti  has  nppeved  In  the  ogrlealtiird 

■  L.  DiBolaUt,  Oxnpt.  R«aid.,  vol.  98, 1884,  p.  IGU. 

<  lour.  Soc.  Chem.  Ind.,  vol.  19, 1900,  p.  4K. 

•BeTg.ii.Hfltlaiuii.  Zeltuns,  vol.  bS,  IBM.p.sn.   Two  MnlTM*  an  ilna. 

•  Ciuipt.  Rend.,  toI.  99, 1881,  p.  SI. 
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No  satisfactory  explanation  of  the  nitrate  beds  has  yet  been  found, 
although  many  theories  have  been  proposed  to  account  for  them. 
In  addition  to  that  of  Forbee,  already  cited  in  relation  to  the  borates, 
the  following  discussions  of  the  subject  are  worth  considering.  C. 
Noellaer,*  who  assumed  a  marine  origin  for  the  deposits,  suggested 
that  their  oitrogen  might  be  derived  from  decomposition  of  great 
masses  of  seaweeds;  but  this  view  has  not  been  generally  accepted. 
For  example,  the  beds  at  Maricunga  *  are  3,S00  meters  above  sea  level 
and  ISO  miles  from  the  coast,  and  otJier  localities  present  similar 
difficulties  of  distance  and  elevation.  The  plain  of  .Tamarugal, 
studied  by  W.  Newton,*  lies  between  the  coast  range  and  the  Andes, 
3,000  feet  above  the  sea,  and  the  nitrate  beds  have  peculiarities  which 
seem  to  preclude  either  an  oceamc  origin  or  a  derivation  from  guano. 
Here,  at  least,  bromides  are  absent,  and  only  traces  of  phosphates  can 
be  found.  Sea  water  would  yield  the  former;  from  guano  the  latter 
would  remwn.  Kewton  regards  the  nitrates  as  originally  formed  by 
the  oxidation  of  organic  matter  in  alluvial  soil.  Tropical  floods, 
i^ch  cover  the  plain  once  in  every  seven  or  dght  years,  bring  upon 
it  the  concentrated  fertihty  of  thousands  of  square  miles  and  sweep 
the  deposits  to  the  landward  side  of  the  coast  chain,  where  they  are 
munly  found.  This  is  Newton's  view,  although  he  admite  the  possi- 
bihty  that  electrically  generated  atmospheric  nitrates  may  also  be 
present.  The  same  possibihty  is  recognized  by  Semper  and  Blanckea- 
horn,  but  rejected  by  A.  Muntz,*  who  r^ards  the  electrical  source  as 
quite  Inadequate.  Mmitz  accepts  an  oiganic  origin  for  the  nitrates, 
fmd  ai^ee  that  tiie  calcium  salt  was  first  formed,  as  in  the  ordinary 
artificial  process  of  nitrification.  That  compound  then  reacts  with 
sodium  chloride,  forming  calcium  chloride  and  sodium  nitrate,  a 
transformation  which  he  effected  experimentally.  The  same  reeidt 
was  also  obtained  later  by  A.  Oautier,'  who  finds  in  guano  the  source 
of  the  nitrogen.  The  reaction  is  furtiier  suggested  by  the  facts  that 
the  Chilean  niter  is  always  associated  with  salt,  and  that  calcium 
chloride  is  fomid  in  the  underground  waters  of  the  Pampas.  Muntz 
also  proved,  by  direct  experiment,  that  iodides  in  a  nitrifying  mix- 
ture were  oxii^ed  to  iodates;  and  from  the  absence  of  phosphates 
in  the  mtrate  beds  he  infers  that  the  nitrates  have  been  transported 
in  solution  and  redeposited  at  a  distance  from  the  original  seat  of 
their  formation. 

>  lour.  pmkt.  CbemlB,  ml.  IDS,  IWT,  p.  IW. 

1  See  E.  Semper  and  M.  Btmckenliani,  Zettocbr.  pnkt.  OedogtB,  ltD3,  p.  3D9. 

■  loot.  Boe.  CbBin.  iDd.,  vol.  IS,  1K»,  p.  408.    Bm  al»  an  guite  papw  In  OM.  Hie.,  ISM,  p.  83». 

*  Annalea  ahlm.  phys.,  BCh  Bei.,T(d.  11, 1SS7,  p.  111. 

•  AmulBi  dai  mlnei.Stli  mt.,  vol.  i,  imt,  p.M. 

97270°— BulL  61(V-16 ^17 
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C.  Ochsenius,*  who  has  writtea  volumiaouslj  on  the  Giilean 
nitrates,  r^ards  them  as  derived  from  the  mother  liquors  of  salt 
deposits  is  the  Andes.  These  are  supposed  to  flow  downward  to  the 
plains,  their  chlorides  being  partly  converted  to  carbonates  hy  cai^ 
borne  acid  of  volcanic  origin.  The  nitrogen  is  brought  as  ammoniacal 
duat  &x>m  guano  beds  upon  or  near  the  seacoast,  the  heavier  phos- 
phatic  particles  being  left  behind.  That  such  dust  is  carried  by  the 
winds  is  certain;  but  is  it  carried  in  suf&cient  amounts  to  account  for 
lai^e  nitrate  deposits  far  inland  t  Another  difficulty  is  BU(^;ested  by 
Darapsky,  who  points  out  in  his  work  on  Taltal  the  comparative 
scarcity  of  carbonates  in  the  nitrate  re^ons.  Even  the  waters  of  the 
Pampas  contain  little  carbonic  acid,  and  among  the  mineral  springs 
of  Chile  and  Argentina  carbonated  waters  are  the  exception  rather 
than  the  rule. 

Penrose,*  in  hia  recent  study  of  the  nitrates,  favors  a  marine  origin 
for  than.,  on  the  grotmd  that  the  pampa,  where  the  nitrate  deposits 
occur,  was  once  a  part  of  the  ocean  bottom.  Their  nitn^n  he 
derives  from  guano,. and  their  iodine  either  from  decomposing  sea- 
weeds or  from  mineral  springs.  The  borates  he  ascribes  to  the 
decomposition  of  rocks  containing  boron-bearing  minerals.  The 
absence  of  bromides  and  tbe  occurronce  of  nitrates  at  great  elev^ 
tions  he  does  not  try  to  explain. 

That  the  nitrate  bods  are  proximately  derived  from  the  evapora- 
tion of  saline  waters  is  beyond  doubt,  but  their  marine  origin,  in 
l^ht  of  what  has  been  said,  seems  to  be  questionable.  The  ultimate 
source  of  their  nitrogen  is  a  more  troublesome  question  and  remains, 
so  far,  unsolved.  The  weight  of  opinion  favors  a  derivation  from 
organic  matter,  and  from  this  point  of  view,  Newton's  explanation 
of  the  deposits  is  as  satisfactory  as  any.  Ekplanations  of  this  order, 
however,  are  incomplete,  for  they  take  no  account  of  the  remarkable 
association  of  boron  and  nitrogen.  Why  do  borates  and  ammonia 
occur  together  in  volcanic  waters,  or  borates  and  nitrates  in  the 
deposits  of  both  Chile  and  Calif omia }  This  fact,  which  has  already 
been  emphasized,  is  surely  not  without  significance,  and  it  legitimizes 
the  suapidon  that  the  nitrates  may  be  partly  derived  from  vdcanic 
sources.  To  be  sure,  this  is  only  a  suspicion,  but  it  is  one  whidi 
ou^t  not  to  be  left  out  of  account.  Hot  springs  are  common  in 
the  deserts  of  California  and  Nevada;  they  are  also  found  along  the 
volcanic  Andean  chain;  do  they  contain  boron  and  ammonia  as  a 
general  rule,  or  only  in  sporadic  instances  t  Such  waters,  collecting 
in  lagoons  in  the  presence  of  some  organic  matter  and  the  nitrifying 


.y  Google 


SALIKB  BE5IDITB8.  259 

orgarustoa,  would  yield  nitrates,  niid  the  latter  would  be  found  in 
the  dried  residues.  A  careful  examination  of  all  hot  springs  existing 
in  the  vicinity  of  nitrate  beds  is  needed  before  we  can  decide  how 
much  weight  can  be  given  to  this  volcanic  hypothesis.'  It  ma;  be 
discarded,  but  it  should  at  least  be  thoroughly  investigated. 

THE  ALUMS. 

One  more  class  of  saline  residues  remains  to  he  mentioned.  Waters 
contaijung  sulphates  of  iron  or  aluminum  form  deposits  of  these 
salts,  which  may  be  neutral  or  basic,  simple  or  complex.  Their  for^ 
mation,  however,  is  very  local,  and  compounds  of  this  character  are 
rarely  found  far  from  their  points  of  origin. 

They  are  commonly  derived,  directly  or  indirectly,  from  the  oxida* 
tion  of  sulphides,  and  occur  as  incrustations  or  even  as  stalactites, 
around  mineral  springs,  or  in  the  shafts  or  tunnels  of  mines.  Acid 
solutions,  produced  by  the  oxidation  of  pyrite,  act  upon  aluminous 
rocks  and  form  sulphates  of  alumina.  Alunit^  and  alunogen  are 
among  the  commoner  species  so  generated.  Aluni^on  and  halotri- 
chite,  the  latter  a  sulphate  of  aluminum  and  iron,  are  foxmd  in  large 
quantities  in  Grant  County,  N.  Mex.*  Sulphates  of  iron  of  numer- 
ous species  are  especially  abundant  in  the  arid  region  of  Giile. 
Sulphates  of  zinc,  copper,  cobalt,  and  nickel  are  deposited  by  mine 
waters.  Some  of  the  species  thus  developed  will  be  considered  in 
subsequent  chapters,  either  in  relation  to  the  decomposition  of  rocks 
or  in  connection  with  the  study  of  metallic  ores. 

>  AoErdlQg  to  T.  Van  WigBnea  (Uln.uid  Bel.  Press,  ml.  B4, 1802,p.6a),  sodium  cltrBle  la  Knnid  Id  and 
■nitmd  an  eitbiot  hot  spring  U  tbe  fc»t  ol  ths  Humboldt  Sink,  Bumboldt  Coontr,  Nev. 

•  B«e  C.  W.  Hara>,  Boll.  U.  S.  Oeol.  Sarrer  No.  SIS,  1907,  p.  2U.  On  >lmu(en  In  Cokndo  ne  W.  F. 
Headdeo,  Proo.  Colotsdo  Scl.  Soo.,  vol.  8, 1909,  p.  SJ;  bIso  !>.  Tennler  m  the  deiivatlou  of  ilunlle  froio 
bldipu.  Bull.  Boe.  mla.,Tol.  31, 1908,  p.  IIG.  W.  Cnisa,  Seventsenth  Atin,  Bapt.  U.  a.  Oeol.  Sum^.pt.  3, 
lW8,p.  3H,  and  H.  W.Tnnwr,  Am.  Jtna.  Bd.,  4th  an.,  ml.  E,  1898,  p.  491, have  dMarlbed  qnartz-alimlta 
roclu.  OnalnnlteMonbodiuBeoF.  L.Raiiaome,EccD.Geo1o^,  vol,  3, 1907, p.  067-  Tbeae oocurreiioes 
an  pnidnclaol  ruck  decompoaltko  ntber  than  nnldiua  from  saline  wateni.  On  tbe  remarkable  nln  dt 
alunllB  at  lIatTin]B,Utali,neB.B.  Butler  and  H.S.OiIb,  Bull.  U.S.  Gaol.  Snrraj  No.  ill,  1913. 
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CHAPTER  VIII. 

VOLCANIC  GASES  AND  SUBLIMATES. 

GASEOUS  EMANATIONS. 

Regardless  of  all  speculations  as  to  the  origin  of  the  lithosphere 
or  as  to  the  nature  of  the  earth's  interior,  we  must  recognize  the  fact 
that  some  rocks  were  formed  by  the  cooling  of  molten  materials,  and 
we  can  study  the  phenomena  of  their  development  quite  independ- 
ratly  of  cosmogonio  hypotheses.  Fluid  magmas  are  seen  to  issue 
from  the  earth  and  to  solidify  as  lavas;  they  may  be  emitted  quietly 
or  with  explosive  violence,  and  they  are  accompanied  by  gaseous  or 
vaporous  emanations,  which  either  escape  into  the  air,  are  partially 
occluded  by  tiie  cooling  mass,  or  condense  in  the  form  of  water. 
Oases,  water,  mud,  and  fused  or  incandescent  rocks  are  thrown  out 
by  volcanoes,  and  many  of  the  attendant  phenomena  can  be  directly 
observed,  or  even  reproduced  in  die  laboratory.  To  the  geophysioist 
the  nature  of  the  volcanic  forces  is  a  prime  subject  of  interest;  chem- 
istry concerns  itself  more  with  the  nature  of  the  products,  and  the 
latter  theme  is  the  one  which  demands  attention  now. 

During  a  volcanic  eruption  the  gaseous  emanations  are  the  first 
to  appear,  and  their  evolution  continues  more  or  less  conspicuously 
until  the  discharge  ends.  Their  emission  does  not  cease  even  then, 
for  gases  are  given  off  from  the  cooling  lavas,  and  also  from  the  hot 
sprii^  and  solfataras  which  are  formed  in  the  course  of  the  out- 
break. These  gases  vary  much  in  character,  and  in  a  single  eruption 
they  may  present  great  differences  in  composition,  changing  from 
place  to  place  and  from  time  to  time.  For  analysis  they  are  com- 
monly drawn  from  vents,  crevices,  or  fumaroles  at  different  dis- 
tances from  the  center  of  activity,  for  the  main  crater  itself  is  rarely 
accessible  until  after  the  eruptions  have  ceased.  Furthermore,  it  is 
difficult  to  collect  the  gases  quite  free  from  admixtures  of  atmos- 
pheric air,  and  the  samples  analyzed  are  therefore,  as  a  rule,  impure. 
Still  much  is  known  concerning  them,  and  many  analyses  of  these 
exhalations  have  been  recorded. 

It  has  long  been  held  by  nearly  all  authorities  that  water  vapor  or 
steam  is  the  most  abundant  of  the  volcanic  gases.  The  statement  is 
generally  accepted  that  it  forms  as  much  as  99  per  cent  of  the  entire 
gaseous  output,  but  it  soon  condenses  to  liquid  and  is  added  or 
restored  to  the  hydrosphere.    For  instance,  F.  Fouqufi,'  observing 

■  See  A.  QeDde,  Textbook  ol  grakgr,  «tti  e&.,p.  3B6.    I  have  not  beenible  to  find  1^  orlgliml  aourae  <d 
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one  of  the  many  parasitic  cones  on  Etna,  estimated  that  in  one  hun- 
dred days  it  discharged  vapor  equivalent  to  2,100,000  cubic  meters 
of  water,  or  462,000,000  imperial  gallons,  "niis  great  quantity  is 
only  a  small  fraction  of  what  the  entire  volcano  must  have  annually 
emitted  and  its  proximate  origin  may  well  be  a  subject  for  specula- 
tion. Is  the  water  originaUy  magmatic  or  only  of  surface  origin; 
truly  essential  or  merely  extraneous  1  On  this  scheme  there  is  active 
controversy,  which  will  be  considered  in  due  order  later. 

The  otiier  volcanic  gases,  the  term  "gas"  being  used  in  its  ordi- 
nary significance,  are  hydrogen,  oxygen,  nitrogen,  argon,  helium, 
hydrogen  sulphide,  sulphur  dioxide,  carbon  dioxide,  carbon  monoxide, 
hydroohlorio  acid,  chlorine,  methane,  hydrofluoric  acid,  and  silicon 
fluoride.'  Many  oiher  substances  are  found  among  volcanic  exhala- 
tions and  are  deposited  as  sublimates  around  vents  and  fumaroles. 
Let  us  first  consider  the  composition  of  the  true  gases,  noting  in 
advance  that  they  were  dried  before  analysis  in  order  to  eliminate 
the  excess  of  water. 

It  is  not  necessary  for  our  purposes  to  go  any  farther  back  in  time 
th&n  to  the  middle  of  the  last  century,  when  R.  W.  Bunscn  published 
the  results  of  his  Icelandic  researches.'  From  among  his  analyses  of 
volcanic  gases  the  following  examples  are  selected : 

Analytet  of  votcanie  gate*  from  Inland. 

A.  Prom  a  humnlf  bi  the  gnM  enter  of  Hfkb. 

B.  FromatDiDmlrliitlwIaTaollsu,  Hekte. 

C.  nnm  the  jolbUn  of  Krtnivlk. 

D.  From  a  ftmianle  a  quarter  of  a  league  distant  f  nim  Erlsoilk. 

£.  Fram  a  fioap  ol  hmuRdcs  at  Sejijiliih,  In  the  extreme  north  of  leeland. 


A 

B 

c 

D 

B 

81.81 
14.21 

78.  W 
20.09 

1.67 

0.50 

4.30 
87.43 
6.60 

4.72 
79.07 
15.71 

2.44 
None. 

1.54 

1.01 

100.00 

100.00 

100.00 

100.00 

99.98 

>  The  two  flooTlDG  componnib  an  reported  hj  A.  Scocchi  trom  Vesuvius,  Catakigo  del  mineral]  Vesu- 
Ttaol,  N^leii  US7.  Beeaba  E.  S.  Oaiia,8y!itemolmlDei:aloCT,flthed.,p.  IN.  Accordlns  to  A.  Oautler, 
(Compt.  Bend-.ToI.  1ST,  1SI3,  p.  fOD)  VDkaaic  gases  getwnlly  oonlain  lluoriiH  compounds,  Inaias  Irom 
VesuTbu  betonud  0.110  milligram  o(  F  per  J'ler.  In  a  sublimate  trom  the  volcano  CtaiD;«To,  Canarr 
Uands,  A.  del  Campo  (Joor.  Chem.  Hoc.,  vol.  KM,  U,  1S13,  p.  lU)  icKind  ammonium  Sirarlde. 

■  Annahs  chlm,  phys.,  3d  ser.,  vol.  3S,  1S53,  p.  315.  For  these  uial]'se9  and  others,  aee  pp.  360-3611.  An 
Ctrlier,  dmrt»l  menwlr  by  £llede  Beaumont, eotltled"  Emanations  volcanlquesetmetalllftne," appealed 
InBDll.  Bocfiol.  Franec,  2il  ser.,  vol.  1,  ISIT,  p.  12W.  An  Impmlaatarticleon  the  gases  oltlie  hot  spring 
of  leeland  and  tbetr  radlowtUTity,  bj  T.  Tbotkaimon,  Is  In  tbe  llenwln  of  ttie  Danlih  Aad.,  7th  ser., 
vol.  8,1010.  p.  in. 
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The  water  condensed  from  the  fumaroles  of  Hekla,  carried  a  little 
hydrochloric  acid,  but  In  amounts  too  Bmall  for  detennmation. 

Among  the  sublimates  formed  by  these  fmuaroles,  Bunsen  noted 
sulphur  and  various  metalUc  chlorides,  especially  common  salt.  One 
sublimate,  however,  contained  81.68  per  cent  of  ammonimn  chloride. 

Because  of  their  accessibiUty  the  Italian  volcanoes  have  been 
studied  with  peculiar  thoroughness,  and  with  regard  to  their  gaseous 
exhalations  the  data  are  most  abtmdant.  In  1856  G.  Sainte-daire 
Deville  *  published  a  description  of  the  fumaroles  found  on  Vesuvius 
during  the  eruption  of  1855,  which  he  classified  in  the  order  of  dimin- 
ishing volcanic  intensity.    The  classes  proposed  are  as  follows: 

1.  Dry  fimutrolee.  Sublimates  of  metidlic  chloridee,  with  tracM  of  salpbatsB. 
Sometdmee  fluorides  are  fonned,  as  observed  by  Scacchi  on  the  lava  of  1850.  Theaa 
fumarolea  aie  emitted  directly  from  incimdeeceDt  lava,  and  the  subiiming  vapors  are 
mixed  with  a  gas  which  is  esaeutially  atmoepheric  air.  A  special  group  of  diy  funuk- 
roles  emit  ammonium  chloride. 

2.  Add  fumaioleB.  Water  vapor,  mixed  with  hydrochloric  and  sulphurous  acids. 
Commonly  accompanied  by  chlorides  of  iron  and  copper,  which  are  deposited  around 
the  vente.  The  vents  occur  on  lava,  either  in  the  main  crater  or  aloi%  the  fissure  of 
eruption.    The  hydrochloric  acid  is  very  largely  in  excess  of  the  sulphurous. 

3.  FumaroIcB  emitting  water  vapor  containing  hydrogen  sulphide  or  free  sulphur. 
Their  temperature  rarely  eiceede  80°. 

4.  Mofettes.  EmiBsions  of  water  vapor  with  carbon  dioxide.  These  appear  where 
the  volcanic  intensity  has  become  very  slight. 

5.  Fumaroles  emitting  water  vapor  alone. 

Although,  as  we  shall  see  later,  this  classification  is  incomplete,  it 
serves  a  useful  purpose  in  giving  a  rough  outline  of  the  phenomena. 
At  the  point  of  greatest  activity  dry  vapors  appear;  farther  away, 
or  as  cooUng  progresses,  acids  are  foimed,  and  emanations  of  carbon 
dioxide  mark  the  dying  out  of  the  volcanic  energy.  But  there  are 
fumaroles,  like  some  of  those  in  Iceland,  which  do  not  fall  in  any 
one  of  these  classes. 

In  1858  C.  Samte-CIaire  Deville  and  F.  Leblanc'  published  their 
analyses  of  volcanic  gases,  not  only  from  Vesuvius,  but  also  from 
Vulc&no,  Etna,  and  other  localities.  A  fumarole  in  the  crater  of 
Vesuvius,  emitting  a  gas  of  extremely  suffocating  odor,  yielded  hydro- 
chloric acid  and  sulphur  dioxide  in  the  ratio  of  86.2  :  13.8.  The 
bulk  of  the  gas,  after  removal  of  these  substances  and  water,  was 
essentially  atmospheric  air  slightly  impoverished  in  oxygen.  Othw 
Vesuvian  fumaroles  also  emitted  similar  air,  with  small  but  van* 
able  admixtures  of  sulphur  dioxide,  hydrt^en  sulphide,  and  carbon 
dioxide.  Sulphur  dioxide  and  carbon  dioxide,  however,  were  mutu- 
ally exclusive  and  never  occuncd  together.  The  emanations  from 
Etna  resembled  those  from  Vesuvius. 
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At  Vulcano  Deville  and  Iieblanc  made  a  number  of  striking  obser- 
vationB,  which  are  well  iUuatrated  by  the  following  selected  analyses: 

Analyieio/ gates  from  Vutamo. 

A.  QtB  boat  the  cratei  bsalns  at  a  temperature  above  the  melting  poEot  ot  lead.    Tbls  fmnarole  deposits 
borlD  add.    The  gas  tu  collected  from  avent  which  emitted  Oames. 

B.  A  fM  piTnll*r  to  the  bTegoliigT  but  Dot  aoniapaaled  hj  boric  Hold. 

C.  SiUpbanira  fumanile  tram  the  nortti  Sank  of  VoIcsdo. 

D.  QssIiomacaTlty,  flUedTltb  bat  water,  knovn  as  "Ai>]aa-BoIlnite,"aiidBltiul«diKai'tbaMasbon. 

E.  Oas  tram  deiiTSssloiis  atitl  brther  from  the  craler,  coUeoled  ot«c  water  bavliic  a  temperaluie  a(3t*  C. 


A 

B 

c 

D 

B 

None. 
39.13 

None. 

27.50 

None. 
69.6 

6.4 

so! 

83.1 
.7 
9.8 

^;;;::;::;.\:::::::::;:;:::;::;::;:: 

10.10 
50.77 

14.02 

58.48 

6.5 
24.9 

kJ 

loaoo 

100.00 

100.0 

100,0 

100.0 

These  analyses  show  very  well  the  progressive  change  in  the  fuma- 
Tolee  as  they  recede  from  the  eruptive  center.  At  the  end  of  their 
memoir  Deville  and  Leblanc  give  analyses  of  gases  emitted  from 
Tarious  springs  in  Sicily  which  have  some  relations  to  the  volcanic 
activity  of  Etna.  Some  of  them  give  off  mainly  carbon  dioxide; 
others  yield  methane,  CH«,  in  considerable  quantities.  A  few  anal3mes 
will  illustrate  the  character  of  these  exhalations. 

Aiialytes  of  gates  from  Surilian  spHngt. 


A 

B 

» 

CO, 

94.70 
l.dO 
3.52 

90.7- 
1.0 
3.3 
5.0 

0.70 

5.17 
20.40 

73.73 

fe::::;:;;:;:::;::;:::::::::;;::::::::;:::::; 

ofi;.- .  v. .  - 

100.00 

100.0 

100.00 

loaoo 

The  conclusion  Snally  stated  by  Deville  and  Leblanc  is  as  follows: 
Hie  nature  of  the  emanations  from  a  given  point  varies  with  the  time 
which  has  elapsed  since  the  beginning  of  the  eruption;  the  fumaroles 
at  different  points  vary  with  their  distance  from  the  volcanic  center. 
In  both  cases  the  order  of  variation  is  the  same. 
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In  1S65  F.  Fouqufi  '  studied  the  Italian  field  with  special  reference 
to  the  exhaled  gases.  In  the  crater  of  Vulcano  he  examined  three 
fumaroles,  at  different  temperatures,  with  results  as  follows: 

Analyut  ofgatafromfumamUt,  Vukcmo. 

A.  Teoipereturc  above  ISO*.    B.  Tempenton  390*.    C.  TempeiMnrc  ISl*. 


A 

B 

c 

73.80 

23.40 

.62 

66.00 
22.00 
2.40 
9.60 

CO,      '    .                    

0, 

2.20 

n;  ;; 

100.00 

100.00 

loaoo 

In  these  gases  the  hydrochloric  acid  was  most  abundant,  the  sul- 
phur dioxide  being  ahnost  negligible.  Around  the  venta  realgar, 
ferric  chloride,  and  ammonium  chloride  were  deposited.  Another 
group  of  fumaroles,  at  a  temperature  of  100°,  gave  depoaita  of  aul- 
phjir,  sometimes  with  and  sometinies  without  boric  acid.  Their 
composition  ia  given  below,  tinder  D  and  E. 

Ajudyteso/gcuet/nrnt/umarola,  VuUano. 


D 

G 

F 

HCl                                                                           

7.3 
10.7 

68.8 
2.7 
11.2 

None. 
Trace. 
63.59 
7.28 
29.13 

0^     ;                 : 

a.  .               .   .  .  : 

.70 

O100.7 

100.00 

100.00 

iDgglsta  s  mliprbit 


ie  orlgtnnl  oolninii  of  flgunB. 


Analysis  F  represents  gas  from  the  fumarole  known  as  "Acqua- 
BoUente,"  which  was  examined  by  Deville  and  Leblanc  nine  years 
earlier.  The  loss  of  hydrogen  sulphide  and  the  gain  of  carbon 
dioxide  during  that  period  are  most  striking  and  show  a  decrease 
of  volcanic  activity.'  The  temperature  of  the  fumarole  ia  given  as 
86°  C.  Fouqu^'a  analyses  of  gases  from  two  small  solfataras  at 
Pozzuoli,  near  Veauviue,  also  indicate  a  relationship  between  compo- 
sition and  temperature. 

I  Compt.  Hmd.,  vol.  fll,  1866,  pp.  210,  «1,  6«,  7H. 

•  See  note  by  DevUle,  Compt,  Rend.,  vol.  fli,  IMS,  p.  BBl.  For  rewnt  luiBlysfS  of  gases  fnmi  IlBllan  vid- 
CDnlc  soureea,  see  R.  HeBini,  F.  AadeiUu],  and  R.  BolTadorl,  Qui.  chlm.  llal.,  vol.  36,  ttac.  1,  ISOe,  p.  OO. 
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VOLCAinC  GA8E5  AlfD  STTBLIlUTes. 
Analyia  ofgaiajTom  Poauoli. 


°£3r 

H(t«niperft. 
tm«77S'). 

H^..  . 

1L43 
56.67 
6.72 
26.18 

None 

ar;;;;;;::::::::::::::::::::::;:::;:::::::::::::::: 

w, 

100.00 

100.00 

An  elaborate  examinatioa  of  the  gases  emitted  by  Etna  diiring  sev- 
eral empUons  led  O.  SUvestri '  to  conclusions  much  like  those  reached 
by  Deville  and  Leblanc,  and  he  describes  fumaroles  of  several  classes, 
representing  a  progresave  diminutioQ  of  volcanic  intensity.  The 
data  may  be  briefly  summarized  as  follows: 

1.  The  fresh,  still  flowing  lava  acta  like  one  great  fumarole,  and  emits  from  its  sur- 
face white  fiunes.  These  are  partly  eondenaible,  yielding  a  Botid  saline  waidue  and 
a  Bmall  amount  of  liquid  containing  free  hydrochloric  and  Bulphuwus  acida.  The 
incondenaiblo  gaa,  as  in  the  casea  previoualy  noted,  ia  enentially  atmoepheric  air 
Btightly  deficient  in  oxygen.  One  aample,  upon  analysis,  gave  O,,  18.79  per  cent; 
Ng,  81.21  per  cent.  The  white  reeidue  contained  chiefly  sodium  chloride  and  car- 
bonate, and  three  depoeita  collected  from  the  surface  of  the  lava  had  the  composition 
shown  in  the  subjoined  table.  As  the  lava  cools,  the  eichatationB  become  localised 
and  change  their  character  with  decreasing  tempoature. 

Attalyia  ofdepontifirom  witrfwx  of  lam. 


Naa              .                                                    .... 

60.19 
.60 
11.12 
L13 
30.76 

63.02 

.27 

6.49 

Trace. 

30.22 

nSo! :":  ■::■::::::::::■■ 

100.00 

100.00 

100.00 

In  some  cases  the  fumes  also  contain  copper  chloride,  which  forms,  on  the  lava, 
deposits  of  atacamite  and  tenorite,  the  latter,  ohviously,  by  oxidation. 

2.  Ammonium-chloride  fumarolea,  which  are  divided  into  two  subclasses.  First, 
add  fumaroles,  which  form  mostly  upon  the  terminal  walls  of  the  lava  stream  and 
emit  much  hydrochloric  acid.  They  also  contain  ferric  chloride,  which  is  partly  con- 
densed as  such  and  partly  oxidized  Ui  hematite.  As  the  temperature  falls  they 
develop  hydrogen  sulphide  and  deposit  crystals  of  sulphur.  Second,  alkaline  fuma- 
roles, which  are  free  from  hydrochloric  acid  and  ferric  chloride  and  deposit  only 
ammoninm  chloride.  They  represent  a  lower  temperature  than  the  acid  type.  The 
gaseous  portion  of  these  exhalations,  acid  or  alkaline,  is  still  essentially  air,  contain- 
ing from  81.19  to  84.17  per  cent  of  nitrogen. 

■  II«iiam«iiTn]canlcipreseiitaUdcU'Etiis,ctc.,Cstaiiis,18eT.  Th«dataheitgfveuartfromuiabatnct 
b7  O.  vom  Rath,  Neun  Jsbrb.,  1S70,  pp.  M,  2ST.  See  tiaa  the  great  moDograph,  "Der  Aetna,"  by  Sarto- 
rfai  von  Walterjhausenand  A.  von  LsTBuli,  S  TOli.,Lelpilg,  1880.    On  the  ai      -  - 

L  O.  Ponta,  Attl  R.  ucsd.  LlnMl,  vol.  23,  pt.  1, 1911,  p.  X41. 
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3.  Water  fumajolee,  whicb  give  ofi  only  water  vapor,  mixed  with  impovmahed  air. 
Temperature  relatively  low, 

4.  Fumarolee  emitting  water  vapor  and  carbon  dioxide,  the  last  phase  of  activity. 
The  gaaee  from  two  of  three  fumarolee  in  the  crater  of  Etna,  analyzed  by  BUvealri, 
had  the  following  compoeitton: 

Analyut  offianaroU  gatttfivni,  UowU  £(na. 


N, 

77.28 

17.27 

6.00 

.46 

c6;;;;.v;;.v::;::::::::::::::':"; :"■ 

^ 

100.00 

100.00 

Although  the  observationa  made  by  T.  Wolf '  at  Cotopaxi  were 
only  qualitative,  they  confirm  the  belief  that  a  r^ular  order  exists 
in  the  compoaition  of  volcanic  exhalations.  Near  the  crater  the  fumes 
of  hydrochloric  acid  were  overwhelming  and  there  waa  a  suspicion 
of  free  chlorine.  At  lower  levels  on  the  mountain  hydrogen  sulphide 
was  recognized,  and  occasionally  sulphur  dioxide.  The  order,  so  f&r 
as  it  was  studied,  is  the  same  as  that  noted  in  the  volcanoes  of  the 
Mediterrane  an . 

In  his  great  monograph  on  the  volcanic  eruptions  of  S&ntorin,* 
F.  Fouqu6  discusses  at  some  length  the  gaseous  emanations,  in  whidi, 
as  in  the  Icelandic  craters,  free  hydrogen  appeared,  and  also  small 
quantities  of  hydrocarbons.  The  great  eruption  of  Nea  Kam6m,  one 
of  the  islands  of  the  archipelago,  began  In  January,  1866,  and  some 
of  the  gases  analyzed  were  collected  in  March.  For  the  first  time 
hydrogen  and  marsh  gas  were  taken  from  an  active  volcano  in  the 
presence  of  true  volcanic  flames,  and  it  waa  shown  beyond  reasonable 
doubt  that  in  the  central  fires  water  had  been  dissociated  into  its 
elementa.  Ordinarily  the  combustible  gaaes  are  burned  as  soon  as 
they  reach  the  air,  but  the  peculiar  conditions  prevailing  at  Santorin 
permitted  their  accumulation  unchanged  and  rendered  their  complete 
identificatioQ  possible.  The  subjoined  analyses  represent  mixtures 
containing  gases  of  this  class: 


I  HnuB  Jahrb.,  1BT8,  p.  It). 


■  Santoiln  ct  «■  frnpUoiil,  Pirk,  ISn. 
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TOLCAKIC  CIA3BB  AKD  SUBLIMATES.  2< 

ATtalgm  o/vokanic  gaiafrwn  SatUorin. 

A.  OuoolkaMdonNaft  Eunjnl,  ICwdilT,  18W,  boEDlbBimbcaoftulphanHH  wkMfaaflaniret 
tffMD  Olorxtos  and  ApbnMma,  tempeistore  7B*.    ThrM  atlier  almllaruiiUfMa  ora  tabulated  with  tta 

B.  Fmo  Um  gaina  Bauit  on  Nea  Kaminl,  Umpaiatun  flS°.    Coll«ct«d  Uard)  as,  18H. 

C.  GaaoaUeotadUarchT,lse7,DVKHBWBtar,ii«U'tlieandolBstmiiicaiidaewttev*itnBia. 
u  to  C,  but  train  a  dlSanQt  itraun.    Taku  Uanh  S,  1W7. 


A 

B 

c 

!> 

H^.  ... 

Trace, 
3S.42 
29.43 
.86 
.32 
32.87 

Trace. 
50.41 
16.12 
2.95 
.20 
30.32 

0^                    ::::::::::  "":"" 

0.2Z 
66.70 
.07 
21.11 
21.90 

None. 
1.94 

H... 

g6;;                                : 

0... 

»24.M 

W, 

100.00 

100.00 

100.00 

_100.00 

M  In  tabia,  but  oaiT«ctad  In 


atthaeudollheva 


Gas  C  was  a  true  explosive  mixture,  which  detonated  violently  upon 
contact  with  a  flame.  In  collecting  it  special  c^re  wa3  taken  to  avoid 
an  admixture  of  air;  its  oxygen,  therefore,  is  not  from  extraneous 
soiuxjes.  It  is  possible,  however,  that  both  the  oxygon  and  the  hydro- 
gen in  this  instance  came  from  the  decomposition  of  sea  water  in 
contact  with  hot  lava,  although  Fouqufi  believed  that  they  were  pres- 
ent in  the  molten  stream.  In  1866  the  largest  proportions  of  hydrogen 
were  found  in  gases  taken  from  the  principal  fissures  of  the  eruption, 
and  they  diminished  in  quantity  with  the  distance  of  their  points  of 
issue  from  the  focua  of  activity.  A  precisely  similar  dinunution 
follows  the  lapse  of  time,  as  shown  by  analyses  A  and  B  of  gases  from 
tiie  same  locality,  but  collected  eight  days  apart. 

Gases  collected  in  May,  1866,  and  some  taken  at  greater  distances 
from  the  center  of  eruption  consisted  either  of  carbon  dioxide  or  of 
atmospheric  air  wliich  had  been  entangled  in  the  lavas.  Some  were 
heavily  loaded  with  water  vapor,  which,  when  condensed  and  oxi- 
dized by  nitric  acid,  gave  a  solution  containing  hydrochloric  and 
sulphuric  acids,  the  fonner,  as  in  the  instances  previously  cited,  being 
lai^ly  in  excess  of  the  latter.  Several  of  the  dried  gases  had  the 
composition  shown  in  the  subjoined  table. 
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Analyta  o/vokanic  gatafnim  Santorim. 

A.  autakeiilIa;4,186S,fromtbebottomoIafl>sarconN«Kam«nl.   CoUeot^di 
at  tempeiBtiue  6S°. 

B.  CoU«ctedUa7ia,18«,atUisliiotaIUie<niuakirgJaa,  ironiBBiiialltiuiiMola! 
ol  lulpbur.   Toncwnlure  87*. 

C.  LIk«  B  and  Mar  It,  the  aulphur  paiU;  oyalalllud  uid  puti;  loMd.    Temp«ntiire  U9' 

D.  Oaalnini  paipturTa(«niptlT«fl«ld,lfucli,  1867. 

E.  Ou  oollMitwl  nou  tba  port  o(  Bt.  Qtorgt  it  Nm  Eaiii«ni,  Uareh  >,  1BS7. 


Lindnd  by  ayBtals 


A 

B 

c 

D 

E 

Trace. 

95.37 

.49 

4.H 

0.42 
5.88 
18.99 
74.71 

0.90 
12.24 
16.41 
70.45 

oS 

None. 
20.62 
79.38 

0, 

1.84 

^: ;. 

eft;           

100.00 

100.00 

100.00 

100.00 

100.00 

These  analyses  all  tell  the  same  story  as  that  given  by  the  It&Uan 
mvestigations;  carbon  dioxide  appears  as  the  volcanie  intensity  dioB 
away;  only  at  Saatorin  the  maximum  of  activity  is  represented  by 
hydrogen,  and  the  acid  products  were  less  completely  examined. 

For  other  volcanic  regions  the  data  relative  to  gaseous  exhalations 

are  not  so  complete.     Three  analyses  by  H.  Moissan'  of  gasea  from 

Westlndianfumaroles  are,  however,  especially  interesting  on  account 

of  the  determinations  of  argon.*    The  analyses  are  as  follows: 

Awdyu*  o/gaieifiom  Wat  Indian fuTnarolei. 

A.  From  a  hiinuole  oo  Hoot  Pdl^,  UutliilqaB.  Ou  ndlectad  b;  Loetofi  afUr  tbB  gnat  snptloo  at 
Hay^KM.  Temperatore  about  400*.  OiB  at  Snt  saturated  wltb  alsun.  Aiaund  thli  vant  aliuiioDliuii 
Chlorlda  and  aolpbui  vete  depoalted. 

B.  From  the  Funarole  du  Nord,  aDadclaopc. 

C.  From  (he  Fumarole  Napoleon,  OuBdeloupe. 

Oasts  A  and  B,  prevlotu  to  analysts,  wen  both  iBtniBted  with  wattt. 


A 

B 

C 

16.38 
1.60 
5.46 
8.12 
13.67 
64.  M 
.71 
Trace. 

52.8 

None. 

None. 

None. 

7.5 

36.07 

.73 

Trace. 

2.7 

Trace. 

co':":::;.'.":::::::::::::::::::::::::::::::::::::::: 

None, 

^'"::";:::::::::!:""" "::"":;::::"::::. :;:.... 

n'                       

22.32 

HCI                       

None. 

Trace. 

Tra^. 

99.88 

99.80 

99.70 

iCompt.  Rend.,  vol.  I35,l«ia,p.  10§Sito1.  138,  IDOI.p.SM.  for  details  rdatlTe  to  Iboe  Inmar^M  and 
other  volcanic  emanations,  see  the  monograph  by  A.  Laeroli,  La  Uontacne  Ftiie  M  sea  Eruptions,  Park, 
1904.  F.  Fauqud,  Compt.  Send.,  vci1.«8,  lBSg,p.  gie,analyiedgaMBrrom  BsubmarlnesiiptlDnn«ar  tlio 
Atorea.  H.  Gomli(idem.YDl.  T&,  LSTl,pp.  1M,ZID;  vol.  78, 1BT4,  p.  1300)  examined  gases  from  VmutIiiii, 
SantoTla,  and  Nlsyias;  gasea  trom  Bt.  Paul  bland  wen  itndM  by  C.  Valafai,  idem,  vol.  81, 1871,  p.  333. 
A  paper  by  W.  Hampel  on  volcanic  gases  is  In  Zeltschr.  Vnlkanologla.  voL  1, 1014,  p.  1S3. 

•  Argon  and  helium  have  been  ddaoted  In  the  gaacs  from  thaboriehunandca  of  Tnsoany  by  C.  Poriewa 
■ad  a.  Noni,  AttI  K.  accad.  Ltaicel,  vol.  3D,  lUl,  p.  33S. 
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Here  the  recent  gas  is  noticeably  chai^^  with  combustible  sub- 
stances, the  lover  activity  of  Guadeloupe  being  shofm  by  their 
absence  and  by  the  larger  quantities  of  carbon  dioxide.  Carbon  mon- 
oxide appears  in  (he  Mont  Pel6e  emanation,  which  emphasizes  the 
observations  made  by  W.  Libbey  •  on  Kilauea.  He,  by  spectroscopic 
study  of  the  volcanic  flames,  found  that  hydrogen,  carbon  mono^de, 
and  hydrocarbons  were  probably  present.  Hydrogen  had  been  simi- 
larly observed  by  J.  Janssen '  much  earlier — namely,  in  volcanic 
fiamea  at  Santorin  in  1867,  and  at  Kilauea  in  1883.  The  spectral  lines 
of  sodium,  copper,  chlorine,  and  carbon  compounds  were  also  seen. 

Much  more  fundamental  work  on  Kilauea  was  done  by  A.  L.  Day 
and  E.  S.  Shepherd,*  who  spent  several  months  on  the  volcano  during 
1912.  They  not  only  determined  the  temperature  of  the  molten  lava 
in  situ,  but  also  collected  the  volcanic  gases  directly  from  an  active 
cone.  An  iron  tube  was  passed  through  the  thin  wall  of  the  cone  into 
the  liquid  lava,  and  connected  externally  with  a  train  of  glass  tubes 
through  which  the  gases  were  drawn  by  pumping.  In  the  tubes  at  the 
b^inning  of  the  train  300  cubic  centimeters  of  water  were  condensed 
in  about  IS  minutes;  this  water  and  the  attendant  gases  were  after- 
ward analyzed.  The  water  contained  various  saline  substances, 
partly  perhaps  derived  from  the  glass,  but  notable  quantities  of 
fluorine,  chlorine,  and  sulphur  dioxide  were  also  determined.  The 
dried  gases  from  five  of  the  tubes  had  the  following  composition  by 
volume: 

Analyia  ((fgaieifrom  ^lauea. 


23.8 
5.6 
7.2 

63.3 

None. 

68.0 

29.8 
1.5 

62.3 
3,5 

7.5 
13.8 
12.8 

69.2 

4.6 
7.0 
29.2 

None. 

cff ::::::::::: 

n!:;;.;;:::::::;:;:;:;::;::::;::::;::; 

s5,               .    :...::::::. 

None 

99.9 

99.9 

99.9 

100.0 

99.9 

No  chlorine  was  found  in  these  gases  and  no  argon,  the  latter  fact 
proving  that  there  was  no  admixture  of  atmospheric  air.  The  gases 
were  truly  magmatic.  The  significance  of  these  observations  will 
appear  later  in  relation  to  the  researches  of  Brun.  The  abundance  of 
water  in  the  molten  lava  was  definitely  established. 


SUBLIMATES. 


It  has  already  been  remarked  that  the  gases  issuing  from  a  volcano 
are  often  if  not  always  accompanied  by  substances  which  are  gaseous 
only  at  high  temperatures  and  are  deposited,  upon  cooling,  in  solid 


1  An.  ToDi.  Bal.,3d«V.,  toI.  4T,  IBM,  p.  373. 

•  Compt.  Rand.,  vol. M,lSS7,p.  1303;  T0l.«7,lBg 

•  Bull.  0«d.  Boc.  Amerios,  vol.  M,  IBU,  p.  B73. 
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form.  Th«ee  sublimates,  as  they  are  called,  are  of  many  different 
kinds,  and  it  is  sometimes  difficult  to  determine  whether  a  ^ven 
example  is  a  true  sublimation  or  is  produced  by  secondary  changes. 
To  discriminate  between  the  products  of  direct  condensation  from 
Tapor  and  substances  due  to  the  action  of  the  gases  upon  lava  is  not 
always  easy.  Some  of  the  so-called  sublimates  are  nonexistent  at 
high  temperatuiee,  and  are  formed  only  upon  cooling;*  others  result 
from  decompositions  of  volatile  matter;  and  still  others  are  generated 
by  reactions  between  different  gases.  For  example,  sulphtu*  may  be 
directly  sublimed;  it  may  be  formed  by  the  decomposition  of  hydro- 
gen sulphide  or  by  the  partial  oxidation  of  that  compound;  and  it  is 
precipitated  from  mixtures  of  hydrogen  sulphide  and  sulphur  dioxide, 
two  compounds  which  can  not  exist  together.  When  they  are  com- 
mingled, sulphur  is  set  free.  By  either  of  these  processes  volcanic 
sulphur  can  be  deposited;  but  only  the  first  is  strictly  a  sublimation; 
that  is,  the  volatilization  and  recondensation  of  a  substance  without 
chemical  change.  It  is  perhaps  permissible,  however,  to  use  the  term 
sublimate  a  little  more  loosely,  for  rigidly  accurate  discrimination  is 
not  practicable  in  the  present  instance.  Any  solid,  then,  depos- 
ited by  or  from  volcanic  gases,  may  be  regarded  conventionally  as  a 
sublimate.* 

The  most  conspicuous  of  all  the  volcanic  sublimation  products  is 
undoubtedly  native  sulphtu*.  It  is  found  in  or  near  all  active  volcanic 
craters,  and  it  often  contains  appreciable  quantities  of  selenium,  as 
in  the  weU-known  eelensulphur  of  the  Lipari  Islands.  Tellurium  has 
been  found  in  Japanese  sulphur,*  to  the  extent  of  0.17  per  cent;  and 
A.  Cossa  *  reports  it  as  present  in  some  of  the  soluble  salts  which  are 
formed  stalactitically  in  the  crater  of  Vulcano,  The  last-named 
locahty  has  been  studied  with  more  than  ordinary  thoroughness,  and 
among  its  fumarole  deposits,  which  are  partly  sublimates  and  partly 
secondary  products.  A,  Bergeat  •  names  realgar,  boric  acid,  sodium 
chloride,  ammonium  chloride,*  ferric  chloride,  glauberite,  lithium 
sulphate,  sodium  sulphate,  alum,'  hieratite,*  and  compounds  of  cobalt, 
zinc,  tin,  bismuth,  lead,  copper,  and  phosphorus.  The  chlorides 
named  in  this  list  are  commonly  found  in  volc^c  craters,  and  the 
chlorides  of  potassium,  cajciiuu,  magnesium,  ferrous  iron,  manganese, 
lead,  and  aluminum  have  also  been  observed. 

>  FwciBnip)e,siiuiianlumchlcr[de,  which  wbenT^xrltedli  dissociated  into  NHi+nCI, 
■  On  the  cDadltiona  under  which  dUtercDt  modiflcatkna  ot  sulphur  an  depoUad  Hound  TotcmoM 
see  A.  Bmn,  Cbem.  Zaltung,  No.  IS,  IMS.    Bmn  hidds  that  the  H^,  SOi  nacUoD  doea  DDt  Ul[«  [teM  tD 

'  E.  DlTtrsiiidT.  Shimldni,  Chem.  News,  vol.  U,  ISSJ,  p.  3M. 

•  Zeltschr.HiorK.  Cbamie,  vol.  17.  isoa,  p.  als, 

•  DieAeoHscbenlDMla:  AbhUHU.Uath.-phyt.ause,  E.bajer.  Akad.,TOl.lO,Abth.l,I8(e,p.  1«. 

I  CcDtalniog,  aecordli>i  t«  DevlUe  end  Letriano  (Annate  ohlm.  pbjs.,  Jd  sac.,  v«L  St,  18N,  p.  S),  *lw 

)  Potash  slain,  eaatalnlng  oaatam,  rohldlun,  and  tbatllum,  A.  Coaa,  Atti  B.  aooad.  Llnaal,  U7B,  pt. 
3,p.  M, 

•  FatMtbim  sUlcoflaorlde,  E^IFt.    A.C<»sa,Compt.  Raiid.,T[A.H,U83,p.Uf, ,      Ci  OOQ  I C 
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At  VeeuviiiB  A.  Lacroix '  found  lat^e  crystals  of  potassium  chloride 
and  other  crystals  consisting  of  a  double  chloride  of  potassium  and 
manganese.  Mixed  chlorides  of  sodium  and  potassium  are  reported 
by  E.  Caaoria  '  and  Q.  Freda.*  These  aalta,  however,  are  interpreted 
by  F.  Henrich  *  as  secondary,  formed  by  tho  action  of  moisture  and 
hydrochloric  acid  on  the  alkaline  silicates  of  the  heated  lavas.  From 
ferric  chloride  the  rare  minerals  kremersite,  KNH,FeClj.H,0,  and 
erythrosiderite,  K^FeClj,  are  derived,  and  also  hematite;  while  copper 
cUoride  yields  the  oxide,  tenorite;  chlorothionite,  KjSO,,CuCl,;  dole- 
rophanite,  Cu,SO,;  and  cyanochroito,  K,Cu{SOj),.6HjO;  with  some 
hydrous  chlorides  and  oxychlorides.  Even  manganese  is  found  in 
the  mineral  chlormanganokaUte,  KiMnCl,,  discovered  by  H.  J. 
Johnston-Lavis.*  The  simple  anhydrous  chlorides  are  the  true  sub- 
limates; the  other  compounds  are  generated  from  them  by  secondary 
reactions.  From  the  fluorine  gases  we  get  hieratite,  ammonium 
silicofluoride,  rarely  fluorspar,  and  the  oxyfluoride  of  calcium  and 
magnesium,  nocerite.  Most  of  these  substances  were  first  described 
from  Vesuvius,  and  we  owe  our  knowledge  of  them  to  the  indefatigable 
labors  of  A.  Scaccbi,  who  has  also  described  many  sulphates,  simple, 
double,  or  basic,  which  are  formed  by  the  action  of  solfataric  vapors 
upon  the  surrounding  rocks.  Similar  sulphates,  of  sodium,  potassium, 
calcium,  magnesium,  and  aluminum,  were  found  by  A.  Lacroix  • 
among  the  fumarole  products  of  Mont  Pel^e.  Sodium  carbonate  is 
also  produced  in  a  secondary  way.  Silver  was  discovered  by  J,  W. 
MaQet'  in  volcanic  ash  from  Cotopaxi  and  Tunguragua;  and  it  is 
quite  probable  that  this  metal,  which  volatilizes  readily,  was  ejected 
as  vapor.  Silver  begins  to  vaporize  not  much  above  its  melting  point, 
and  at  the  temperature  of  the  oxyhydrogon  flame  it  can  be  distilled 
easily.  Sulphides  have  been  found  as  sublimation  products  at 
Vesuvius,  formed  perhaps  by  the  action  of  hydrogen  sulphide  upon 
TolatUized  metallic  chlorides.  A.  Lacroix  *  and  F.  Zambonioi  *  both 
report  galena  among  the  substances  produced  during  the  eruption  of 
April,  1906,  and  Lacroix  mentions  pyritc  and  pyrrhotite  also. 


■  Abitoact  In  Zatbdir.  Eryst.  Ma-.rdL  il,  OW,  p.  370.  Cssorla  found  molrbdoiara,  bbmsUi,  copper, 
imd  ihui  In  Vasavlan  salts. 

■  Owi.  dilm.  Ital.,  voL  19,  IISS,  p.  IS. 

•  Zefbcbr,  sogew.  Chsmk,  voL  13,  iwe,  p.  3sa;  toL  30,  ItDT,  p.  ITS. 

•  l[Ecinl(«.  Uag.,  vol.  15, 1908,  p.  H. 

•  Bon.  Boo.  m&L,  vd.  IS,  IMi,  p.  SO.  Lacroli  (Compt  Rend.,  vol.  lit,  1907,  p.  1397)  tils  rtMOtir  dls- 
ili>T««d  k  doabl*  lulptuU  of  poMssluiii  Mid  l«ad  among  tb*  funurnle  producU  of  VtsaThu.  Tbb  new 
■faun)  Ji  nusMl  palinlK'IM. 

'  Proc.  Hoy.  Sou.,  vol  42, 1887,  p.  1;  voL  47, 1889-90,  p.  277. 

•  Oompfc  Bnd.,  vol.  141, 19M,  p.  737. 

.  '  Idam,  p.  flit.  In  Zvnboniol'B  treat  mmofraph,  Uburnlogla  VmiTiuia,  pubUalied  b;  fli*  K^ila 
Acadamy  fn  1910,  full  deulla  tit  given  of  cacti  speclw  found  M  Venrtus,  iogtUMr  wllk  "-"t^  MtUlK 
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The  ammooium  salta  f  oimd  in  Tolcimic  emanations  were  partially 
considered  in  the  preceding  pages.  They  are  very  common,  but  their 
significance  has  been  variously  interpreted.  Some  writers  have 
ai^ed  that  their  nitrogen  is  derived  from  organic  matter,  such  as 
vtgetation,  with  wluch  the  flowing  lava  has  come  into  contact — an 
opinion  which  is  not  well  sustained.  O.  Silveatri/  in  1876,  foxmd 
silvery  incrustations  of  an  iron  nitride,  Fe^„  on  an  Etna  lava,  and 
conducted  a  series  of  experiments  to  determine  its  origin.  Fragments 
of  lava  were  first  heated  in  gaseous  hydrochloric  acid,  when  water 
was  expelled,  sihca  was  Uberated,  and  chlorides  of  iron  were  formed. 
Subsequent  heating  of  the  mass  in  a  stream  of  ammonia  formed 
hydrochloric  acid  again,  together  with  ammonium  chloride,  hydrogen, 
and  a  nitride  of  iron.  Ammonium  chloride,  acting  on  lava  at  a  red 
heat,  gave  similar  products.  Ammonia  alone,  passed  over  heated 
lava,  was  decomposed,  yielding  a  gas  containing  90  per  cent  of  hydro- 
gen, while  a  large  part  of  its  nitrogen  was  absorbed. 

On  the  other  hand,  it  is  well  known  that  when  metallic  nitrides  are 
heated  in  steam,  ammonia  is  formed.  We  have,  therefore,  something 
like  a  group  of  reversible  reactions  to  deal  with,  not  strictly  reversible 
perhaps,  but  of  such  a  character  as  to  render  it  uncertain  which  com- 
pound, nitride  or  ammonia,  existed  first.  Either  substance  can  be 
generated  from  the  other.  J.  Stoklasa,'  however,  r^ards  it  as  pos- 
sible.that  nitrides,  formed  deep  within  the  earth,  are  the  initial  com- 
pounds. At  all  events,  he  has  clearly  shown  that  the  nitrogen  of  lava 
is  an  original  constituent,  and  not  of  oi^anic  origin.  In  all  of  the 
lavas  ejected  by  Vesuvius  during  the  eruption  of  1906  ammonium 
compounds  were  found,  the  lai^est  amount,  300  milligrams  of  I^H, 
per  kilogram,  being  extracted  from  an  ohvine  bomb.  The  water- 
soluble  portion  of  the  lapiUi  contained  33  per  cent  of  ammonium 
chloride.  Oiganic  contamination,  in  the  samples  of  lava  examined, 
was  impossible.  An  alternative  hypothesis,  framed  to  account  for 
the  volcanic  ammonia,  is  that  of  O.  Kosenbach,'  who  argues  that  it 
may  be  generated  by  reactions  between  atmospheric  nitrogen  and 
hot  lava,  in  presence  of  moisture  and  hydrochloric  acid.  This  sug- 
gestion is  supported  by  very  Uttle  evidence  and  needs  experimental 
verification. 

It  is  difficult  to  assign  any  limit  to  the  possibilities  of  sublima- 
tion within  the  vent  of  an  active  volcano.  Given  a  temperature 
sufficiently  high,  and  almost  any  mineral  matter  may  be  volatilized 
or  decomposed  into  volatile  constituents.     In  the  electric  furnace, 

>  Oui.chtia.ltaL,Tal.S,  ISTS,  p.301i  Pogg.  Aoiulai,  TDl.lST,lS7e,  p.  leS.  Bflmtri'a  rssolti  hsTs  bega 
qoiHtlotMd  and  naed  omulrnistlini. 

•  Ba.  DautscD.  chem.  Qmta.,  vol.  39,  igoa,  p.  1530:  Chem.  ZstCtmc,  vol.  30,  IKM,  p.  7M:  CaHnlbl.  Ufa., 
OeoL  D.  Pal.,  1IW7,  p.  ISl.  8m  olw  B.  V.  Uatteaod,  Caolnlbl.  Kin.,  QwL  n.  PaL,  IflOl,  p.  4S,  on  ain- 
moDliim  eblailde  in  ths  <ntgc  ol  Vonvliu. 

•  Nitut.  Woobeoscbr.,  Tcd.  H,  IVOt,  p.  140. 
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H.  Motsaau'  has  vaporized  alumma,  lime,  m^nesia,  silica,  zirconia, 
and  titanic  oxide,  and  these  substances  are  all  found  in  volcauic  rocks. 
The  oxides  of  the  iron  group  ara  more  stable,  and  fuse  but  do  not  seem 
to  distill.  According  to  these  observations,  almniua  volatilizes  most 
easily,  lime  quite  easily,  and  magnesia  with  I^  facility.  P.  SchQtzeu- 
berger  *  has  observed  that  silica  gradually  loses  weight  in  a  good  wind 
furnace,  whose  temperature  is  far  below  that  of  the  electric  arc;  and 
E.  C3ramer*  has  completely  vaporized  rock  crystal  under  similar  con- 
ditions. Cramer  used  a  Deville  furnace,  with  gas  carbon  or  retort 
graphite  for  fuel,  with  a  blast  of  air;  and  in  one  experiment  4.517 
grants  of  quartz  were  evaporated.  At  the  temperature  of  melting 
cast  iron,  quartz  was  stable  and  lost  no  weight;  although  Moissan* 
has  observed  that  at  1,200°  sihca  appears  to  have  an  appreciable 
tension.  According  to  A.  L.  Day  and  E.  S.  Shepherd,'  quartz  vapor- 
izes rapidly  in  air  at  about  the  temperature  of  mdting  platinum. 
&lica,  then,  is  volatile  at  temperatures  which  are  probably  reached 
or  exceeded  within  the  volcanic  reservoirs;  and  it  may  appear  among 
the  products  of  sublimation.  In  fact,  quartz,  tridymite,  and  various 
sihcates  have  been  repeatedly  observed  in  lavas  under  conditions 
which  indicated  an  origin  of  this  kind.  A.  Scacchi,*  for  example, 
reports  leucito,  augite,  hornblende,  mica,  sodalite,  microsommite, 
cavolinite,  garnet,  and  possibly  sanidine  and  vesuvianite  as  formed 
by  sublimation  at  Vesuvius.  Furtliermoro;  experiments  recently 
conducted  by  A.  L.  Day  and  E.  T.  Allen  in  the  laboratory  of  the 
United  States  Geological  Survey  have  shown  that  feldspars  can  be 
easily  sublimed  at  the  temperature  of  the  electric  arc,  a  temperature 
which  is  in  the  neighborhood  of  3,700°  C  The  actual  temperature 
at  which  the  volatility  of  silicates  begins  is  yet  to  be  ascertained; 
but  it  is  certainly  lower  than  that  employed  in  Day  and  Allen's 
experiments.  It  may  fall  within  the  range  of  volcanic  tempera- 
tures; and  in  that  case  sublimation  can  be  supposed  to  play  an  appre- 
ciable part  among  the  phenomena  of  eruptions.'  If  the  more  vola- 
tile substances  accumulate  in  the  upper  portions  of  a  reservoir,  they 

I  La  loui  tilsctrlqu*,  pp.  3J-49,  Pub,  ie»T.    Sm  alM  Compt.  Rmd.,  vol.  llfl,  IfSS,  p.  1231. 
'Compt  Bend-.Tol.  Ufl,  1HB3,  p.  lasa 
'  Zeftscbr.  uigm>.  Chemle,  IS93,  p.  1S4. 
•Compt.  Rend.,  vol.  I3S,le04, p. 243. 

•  Sdaaee,  nsv  set.,  vol.  23,  IMG,  p.  STO. 

•  Zeltsctu.  Deutsch.  geal.  Qosell.,  vol.  £1, 1S72,  p.  491.  Condensed  from  the  Italian  orlcliul  by  J.  Roth. 
So  tlso  0.  Tom  Rslh,  Ncues  Jahrb.,  IftC^,  p,  H24,  on  augite  la  n  rumarole  product.  B.  Tiauba  (Cmtralbl. 
Hfn.,aeal.u.  Pal.,  lB01,p.  an)  has  described  the  artificial  production  of  mlnenls  bj  subUmatloa. 

T  a.flOO'  to  1,000*  absolute.  See  C.  W,  WaldHBr  and  Q.  K.  Burgess,  Bull.  Bureau  of  Sluidards,  vol.  1, 
1904,  p.  too. 

'  J.  Jol;  (Proc.  Ror-  Irish  Acad,,  3d  aiir„Tol.  2,  ISO),  p.  3S)  menttons  tbe  subUmaUoa  of  enatatlle  at  Iho 
til^iest  temperatuies  observed  on  the  piatinum  ribbon  of  his  meldomoter.  Id  thlicase  Uie  tampentuie 
could  sot  liave  eiceeded  1,TDD'.  Borne  of  the  siMalled  mibllnied  Eliicales  ot  volcsnoee,  bowevet,  may  not 
be  true  subllmataa  at  ail,  but  products  of  reactions  between  aillca  and  volatile  chlorides  or  Buorlikia.  Such 
reaetlona  ate  more  than  protahle. 

97270°— Bull.  616—16 18 
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would  appear  among  the  first  ejectamenta;  and  the  difference 
between  the  eariier  and  later  outflowB  of  an  eruption  would  be  partly 
accounted  for.  Whether  this  factor  in  the  eruptive  process  is  rela^ 
tivdy  small  or  large  can  not  be  determined  at  present.  It  probably 
exists,  and  it  may  be  important;  but  no  more  definite  conclu^on  can 
be  drawn  from  (he  established  evidence. 

OCCI.TIDED    GASES. 

Although  we  can  not  determine  with  absolute  certainty  the  origin 
of  volcanic  gases,  the  subject  is  not  entirely  unauited  to  scientific  dia- 
cus^on.  Some  evidence  exista,  and  fronl  it  some  conclusions  may  be 
legitimately  drawn.  It  has  long  been  known  that  nearly  if  not  quite 
all  rocks,  upon  heating  to  redness,  give  off  large  quantities  of  gaa — a 
fact  which  was  noted  by  Priestley  as  early  as  1781.'  Inrecent  years 
these  gases  have  been  elaborately  studied,  and  from  two  points  of 
view.  At  first  they  were  thought  to  be  occluded  in  the  rocks;  and, 
indeed,  incloBures  of  carbon  dioxide  are  not  rare;  but  latterly  it  has 
been  shown  that  igneous  action  may  generate  them  from  the  solid 
minerals  themselves.  Let  us  first  assemble  the  data,  and  then  con- 
sider their  significance. 

That  quartz  and  other  crystalline  minerals  often  contain  cavities 
filled  with  carbon  dioxide  is  well  known,  and  inclusions  of  this  order 
have  been  studied  by  several  competent  authorities.'  Hawes  and 
Wright  examined  the  remarkable  smoky  quartz  from  Branchville, 
Connecticut,  which  contains  so  many  inclusions  of  gas  that  it  explodes 
almost  hke  a  percussion  cap  when  struck  with  a  hammer.  In  this 
case  the  gas,  as  analyzed  by  Wright,  gave  98.33  per  cent  of  CO,, 
with  1.67  per  cent  of  nitrogen,  and  traces  of  hydrogen  sulphide,  sul- 
phur dioxide,  ammonia,  a  fluorine  compound,  and  possibly  chlorine. 
Much  water  was  also  present  with  the  gaseous  inclusions.  In  other 
minerals  other  gases  are  sometimes  found  in  notable  quantities,  as, 
for  example,  hydrogen  sulphide  in  a  Canadian  calcite,*  and  marsh 
gas,  which  Bunaen*  extracted  from  the  rock  salt  of  WieUeczka.  In 
the  latter  instance  the  inclosed  gases  contained  84.60  per  cent  of 
methane,  10.35  per  cent  of  nitrogen,  and  small  quantities  of  oxygen 
and  carbon  dioxide.  These  minerals,  however,  are  not  volcanic,  and 
they  are  cited  here  merely  to  show  that  gaseous  inclu^ons  are  not 
unusual.     The  observations  of  W.  Ramsay  and  M.  W.  Travers'  are 

1  B«e  hb  lellen  to  Jgiloh  Wedgwood,  in  SdmllBo  cacrapandeiios  of  Jcaapb  VrkeOrj,  edited  hi 
B.  CaiTlngbni  Bolton,  New  York,  1892,  privately  published. 

■  Seeespaciolly  W.N.II>rllef,Jour.Chem.6oc.,Ta1.2e,lKTB,p,  137;  vol.  30, 187S, p. 23T.  O.  W.Hawea, 
Am.  Jour,  Scl.,3d  ser,  vol.  21, 1881,  p.  203.    A.  W.  Wright,  idem,  p.  HX. 

'  Sec  B.  ].  nairLneton,  Am.  Jour.  Bci.,  ith  ser.,  toI.  IS,  IWS,  p.  3tS. 

<  Animles  chlm.  phys.,3d  ser.,  vol.  3S,  1853,  p.  269, 

>  Proc.  Roy.  Soc.,\o].  eo,  ifoa-ST ,p.  412.  ArgcmandhelhimhsveebobeenCoandlnmiiUooDO,  avarletr 
ottbmn,bj  E.  B.  Kltchin  and  W.  Q.  Whiteraiii  (Jour.  Chem.  Soc.vol.  89,  l90S,p.  1568).  Uu^ollhe 
rai««arth  minerals,  ■ccording  to  H.  ErdmuiD  (Ber.  Oautseh.  Aani.  Oeaell.,voLK>,18M,  p.  ITIO),  eontaln. 
small  quantities  of  oltrogeii. 
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also  interesting,  for  in  zircon  they  found  both  argon  and  helium,  and 
the  latter  gas  was  yielded  by  a  number  of  other  rare-earth  minerals 
and  also  uraninite,  all  obtained  from  pegmatite  veins. 

In  1876,  in  the  course  of  his  investigations  upon  the  gases  evolved 
frommeteorites,  A.  W.Wright'  found  that  a  specimen  of  trap,  heated 
to  redness,  gave  off  three-fourths  of  its  volume  of  gas,  which  con- 
tained 13  per  cent  of  carbon  dioxide,  the  remainder  being  chiefly 
hydrogen.  In  1896,  W.  A.  Tilden '  made  a  similar  observation  upon 
the  red  Peterhead  granite.  This  rock  gave  off  2.61  times  its  volume 
of  gases,  containing  24.8  pe^  cent  of  CO,  and  75.2  per  cent  of  hydro- 
gen. A  year  later '  Tilden  published  the  results  of  his  experiments 
upon  a  considerable  number  of  rocks  and  minerals,  24  examples  in  all. 
For  most  of  these  only  partial  analyses  were  made,  but  in  five  cases 
the  gases  evolved  were  more  completely  examined.  The  data  are  as 
follows  for  the  percentage  composition  of  the  gases  and  for  the  vol- 
ume obtained  from  a  unit  volume  of  rock: 

Vohant  and  eompoiilwn  ofgattt  evolved Jrom  rodtt. 


CampmltlDDofgu. 

01  g». 

CO. 

CO 

CH, 

N, 

H, 

Z8 
&4 
7.3 
17.8 
8.0 

23.60 
6.50 
77.72 
31.62 
32.  OS 

6.45 

2.18 
8.06 
6.36 
20.08 

3.02 
2.03 
.66 
.51 
10.00 

6.13 
1.90 
1.16 
.66 
1.61 

Gabbro 

Even  such  a  mineral  as  beryl  gave  off  6.7  volumee  of  gas,  in  which 
hydrogen  lai^ely  predominated.  The  gases  appeared  to  Tilden  to  be 
wholly  inclosed  in  very  minute  cavities,  so  small  that  little  was  lost 
when  the  rocks  were  reduced  to  powder.  Their  extraction  was 
effected  by  the  usual  process  of  heating  the  pulverized  material  in 
vacuo. 

In  1898  M.  W.  Travers '  described  a  series  of  experiments  upon  the 
extraction  of  gases  from  various  minerals  and  rocks,  which  led 
to  results  resembling  those  obtained  by  Tilden.  Tho  conclusions 
reached,  however,  were  quite  different;  for  Travers 'was  able  to  show 
that  in  some  cases  at  least  the  gases  were  not  occluded  but  were 
derived  from  the  interaction  of  nongaseous  substances.  Chlorite, 
Berpentine,  gabbro,  mica,  talc,  feldspar,  and  glauconite  were  studied, 
and  in  each  instance  the  hydrogen  and  carbon  monoxide  that  wore 
evolved  by  heating  the  mineral  in  vacuo  were  quantitatively  related 


■  Am.  loot.  Sd.,3d  ler.,  vol.  12, 1876,  p.  171. 
t  Proo.  Roy.  8oe.,  vol.  N,  IMS-M,  p.  ZZ3. 
•Cbeiii.Nenra,vol.75,lW7,p.in.    Proa.Roy.e 
•  Fmo.  R<?.  Sac,  voL  M,  teV»«,  p.  130. 


,  voL  m,  i8as-«T,  p.  <G3. 
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to  the  ferrous  oxide  and  water  which  the  specimen  coataiued.  The 
inference  is  that  these  gases  were  generated  by  a  reaction  between  the 
ferrous  salts,  the  carbon  dioxide,  and  the  water  of  the  original  sili- 
cates. Unfortimately,  Travers's  conclusions  can  not  be  directly 
apphed  to  Tilden's  work,  for  the  latter  gave  no  analyses  of  the  rocks 
themselves.  It  is  noticeable,  however,  that  the  lai^est  evolution  of 
gas  cited  in  Tilden's  series  was  that  from  the  corundum  gneiss  of 
Seringapatam,  and  not  from  the  presumably  more  highly  ferruginous 
pyroxene  gneiss  and  basalt.  The  yield  of  gas  from  beryl  was  also 
very  considerable,  a  fact  which  Travers's  observations  do  not  explain. 
That  molten  glass  absorbs  combustible  gases,  probably  hydrogen,  was 
observed  by  H.  Sainte-Qaire  DeviUe  and  L.  Troost.'  The  ^ass  on 
cooling  gives  out  much  of  the  gas  in  the  form  of  bubbles.  Even 
soUd  glass,  at  200°  and  under  a  pressure  of  200  atmospheres,  has  been 
found  by  J.  B,  Hannay'  to  absorb  oxygen  and  carbon  dioxide. 
When  the  charged  glass  is  cooled  imder  pressure  the  gases  are 
retained,  but  on  quick  heating  to  the  softening  point  they  are  expdled 
with  almost  explosive  violence,  driving  the  glass  into  foam.  By  slow 
heating  to  300°  most  of  the  dissolved  gas  can  be  quietly  dischai^ed. 
The  investigations  of  A.  Gautier'  led  to  the  same  conclusion  as 
that  reached  by  Travers,  but  the  work  was  more  extended  and  various 
methods  of  attack  were  employed.  Two  samples  of  the  same  granite, 
collected  at  different  times  and  heated  to  100°  in  vacuo  with  sirupy 
phosphoric  acid,  gave  off  the  following  gases,  measured  in  cubic  cen- 
timeters per  kilogram  of  rock: 

Gau*  evolved  by  granite  in  vacuo  at  100". 
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B 

Trace. 
1.33 

272. « 
12.3 
63.06 

232.50 

Trace 

ns 

571.  78 

669.46 

On  heating  the  same  rock  to  300°  with  water  alone  gas^  were 
evolved  as  follows,  in  cubic  centimeters  per  kilogram: 

1  Compt.  Rand.,  to].  ET,  IMS,  p.  tSt. 

>Cluiii.  News,  vol.  1«,  1881,p.  3.  A.  A.  CunptnO  Sntubra  (Cham.  News,  voL  U,  IWT,  p.  134)  has  aba 
ahown  that  goMa  hto  occluded  b;  thv  glua  watb  i>f  vwmiini  tubes.  Barus'B  work  on  theabBcrptkm  ofnlet 
^1J  glau  Is  ooDsldcred  in  ChapHr  IX. 

•  Compt.  Rend,,  vol.  131,  ItOO,  p.  HT;  toL  133, 1901,  pp.  58,  IM;  vol.  U6,  igOa,  p.  10.  Annaks  oblm. 
phya.,  TtH  ur.,  voL  23,  p.  ST,  IMl. 


.y  Google 


VOLCANIC  OASES  AND  SUBUIUTES. 
Qatta  evolved  by  grtmiU  heaUd  to  SOO"  with  waUr. 
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Hence,  it  is  cle&r  that  the  action  of  water  alone  on  an  igneous  rock 
moderately  heated  tends  to  develop  gases  doaely  similar  in  character 
to  thoae  which  ore  emitted  by  active  volcanoes.  Heated  to  rednees 
in  vacuo,  powdered  rocks  emit  much  more  gas  and  the  volcanic 
phenomena  are  imitated  even  more  closely.  In  the  subjoined  table 
A,  B,  and  C  are  analyses  of  gases  thus  extracted  from  the  granite 
of  Vire;  D  represents  a  granitoid  porphyry,  E  an  ophite,  and  F  Iher- 
zolite.  The  percentages  by  volume  are  ^ven,  and  the  volume  of 
gas,  reduced  to  0°  and  760  millimeters,  yielded  by  1  kilogram  of 
rock. 

Analyui  of  gat  ewlvedfiom  poudered  rodct  heattd  to  ndnai. 


A 

B 

c 

D 

E 

r 

14.80 
Trace. 
4.93 
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Volume  of  gao,  cubic  centi- 

100.10 
2.709 

100.12 
4,209 

99.80 
2,570 

99.17 
2,846 

09.07 

2,617 

09.64 
6,450 

Before  heating,  tJiese  rocks  were  dried  at  250°  to  300°  to  remove 
hygroscopic  moisture.  The  volume  of  gas  extracted  from  one  volume 
of  rock  amounted  to  6.7  from  the  granite,  7.6  from  tha  porphyry,  7.6 
from  the  ophite,  and  16.7  from  the  Iherzolite.  The  granite,  it  will  be 
seen,  ^ves  the  smallest  evolution  of  gas  per  volume  of  material,  but 
it  is  by  far  the  richest  in  hydrogen.  Even  in  this  case,  according  to 
Gauticr,  a  cubic  decimeter  of  granite  at  1,000°  would  give,  calculated 
for  that  temperature,  about  20  liters  of  mixed  gasea  and  89  liters  of 
steam — more  than  one  hundred  times  its  initial  volume. 

In  order  to  prove  that  the  gases  are  not  simply  inclosed  in  the 
rocks,  Gautier  extended  his  experiments  along  several  lines.  First, 
he  argued,  inclosed  gases  should  not  vary  in  composition  during  the 
process  of  extraction,  whereas  gases  generated  by  heat  mi^t  do  so. 
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The  latter  oondition  held  in  the  case  of  granite  when  two  fractions  of 
the  gaa  were  examined  separately.    The  analyses  are  as  followB: 
Anoiytet  of  gat  evolved  from  granite. 


^. 

Luttwo- 
tbirda. 

20.19 

1.28 
.57 
2.04 
75.54 
,30 

Sr;::::::::::::::::::::::::::::::::::::::::;:::::::::::::::: 

c& 

H, 

91.64 

99.92 

100.30 

A  similar  variation  was  exhibited  during  the  evolution  of  gas  from 
ophite. 

In  his  third  memoir  Gautier  showed  that  ferrous  silicates  heated 
to  redness  in  .a  current  of  steam  yield  a  gas  containing  65  per  cent 
of  hydrogen.  Therefore  the  water  of  constitution  in  a  rock,  acting 
on  the  compomids  of  iron  therein  contained,  can  give  the  same 
reaction.  To  test  this  conclusion  still  further,  Gautier  heated  150 
grams  of  dried  and  powdered  ophite  to  redness  in  vacuo  and  obtained 
2.25  grams  of  water  and  371  cubio  centimeters  of  gas,  contain- 
ing 202  cubic  centimeters  of  hydrogen  and  122  cubio  centimeters 
of  carbon  dioxide.  After  the  evolution  of  gas  had  ceased,  the  mate- 
rial was  allowed  to  cool,  and  then  reheated  in  a  current  of  steam 
carrying  a  Uttle  carbonic  acid.  By  this  means  70  cubic  centimeters 
of  gas  were  developed,  having,  after  the  removal  of  oarbon  dioxide, 
the  subjoined  composition: 


Ha 36.20 

Ni,etc 64.20 

99.80 

This  gas  was  certainly  not  preexistent  in  the  rock,  for  that  had  been 
previously  exhausted,  and  yet  it  was  moderately  rich  in  hydrogen. 

Gautier's  conclusions  were,  in  the  main,  confirmed  by  K.  Iluttncr.' 
He,  too,  found  that  tlie  gases  in  question  are  generated  by  reactions 
brought  about  by  heat  within  the  rock;  only,  instead  of  regarding 
the  CO  as  derived  from  the  action  of  CO,  on  ferrous  silicates,  he 
showed  that  it  can  bo  produced  by  the  reducing  action  of  the  liberated 
hydrogen  upon  CO,.  Rocks  containing  more  or  less  water  were 
heated  in  a  stream  of  carbon  dioxide,  when  both  hydrogen  and  car- 
bon monoxide  were  given  off. 
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That  such  a  reduction  was  possible  had  long  been  known;  but 
GauUer/  in  a  later  inyeatigation,  studied  the  reaction  much  more 
thoroughly  and  found  that  it  was  rerersible.  At  a  white  heat  the 
reaction  is  as  follows: 

CO,  +  3H,  =  CO+H,0  +  2H,. 
At  temperatxires  between  1,200°  and  1,250°,  on  the  other  h&nd,  the 
equation  becomes — 

SCO  +  2H,0  =  2C0,  +  2H, +C0. 

In  another  series  of  experiments,  .Gautier '  found  that  hydrogen 
at  high  temperatures,  reduced  carbon  monoxide,  forming  carbon 
dioxide,  water,  and  either  free  carbon  or  methane.*  At  900°  to 
1,000°  the  reaction  appeared  to  be — 

4CO  +  2H,  =  2H,0+CO,  +  3C. 
Between  1,200"  and  1,220°  it  was — 

4C0  +  811,  =  2H,0 +C0,  +  3CH,. 
From  these  reactions,  which  seem  to  be  contradictory  but  which 
depend  upon  varying  conditions  of  temperature  and  concentration, 
the  coexistenoe  of  water  vapor,  hydrogen,  and  both  oxides  of  car- 
bon in  volcanic  emanations  becomes  intelligible.  When  water  emit- 
ted by  heated  rocks  mingles  with  carbon  dioxide  from  any  source 
whatever,  within  the  vent  of  a  volcano,  any  of  these  reactions  may 
take  place,  and  mixed  gases,  which  sometimes  contain  traces  of 
formic  acid,  are  generated.  This  mixture  is  a  powerful  reducing 
agent,  which  acts  upon  Uie  iron  silicates  in  an  opposite  directJon  to 
that  of  the  oxidizing  vapor  of  water.  £ither  oxidation  or  reduction 
is  therefore  possible,  according  to  the  preponderance  of  one  constitu- 
ent or  another  among  the  volcanic  gases. 

Going  further,  Gautier  *  investigated  the  reactions  between  steam 
and  the  metallic  sulphides.  At  incipient  redness  steam  changes 
the  iron  sulphide,  FeS,  into  magnetite,  Fe,0,,  with  formation  of  free 
hydrogen  and  hydrogen  sulphide.  Galena,  in  a  current  of  super- 
heated steam,  was  partly  sublimed  and  recrystajlized  as  such  *  and 
partly  decomposed  into  metallic  lead  and  free  sulphur.  A  little  sul- 
j^ate  of  lead  was  formed  at  the  same  time.  With  cuprous  sulphide, 
under  like  conditions,  copper  was  liberated  and  a  mixture  of  hydro- 
gen with  sulphur  dioxide  was  formed.  The  same  gaseous  mixture 
was  also  generated  by  the  action  of  steam  upon  hydrogen  sulphide. 

'  Coatpt.  BcDd.,  vol.  1*2,  19M,  p.  isaz;  BnlL  Boc.  cbln.,  M  Mr.,  vol.  30,  1000,  p.  «U.  Gaotlet  Efra 
rrttnanea  to  eorlla-  lltBBtura.    S«  >1»  O.  Boidanaid,  Boll.  Sac  Aba.,  3d  Mr.,  ToL  S5, 1901. 

>Compt.  Rood.,  vol.  150,  1910,  p.  lau. 

>  Sir  B.  C.  Brodie(Proc  Bo;.  Boc.,  vol.  21, 1873,  p.  2U)  ain obUtiMd  miithaiM b^  Uw action  of  elMMo 
dlgcbaigiB  upon  a  mlitors  of  CO  anil  Ht.    Ths  rcactloa  3oggeat«d  ig  CO-f  3H^CHi-f-Bi0. 

•  Compt.  Rend.,  vol.  142,  lOOe,  p.  IMS:  BulL  Soe.  cblm.,  3d  sar.,  voL  ii,  1900,  p.  K*. 

•  TUs  raolb  tlw  eilatciMn,  slrtBdr  nuotioDad,  of  gHluia  as  ant  o(  tbs  Vesuviui  nibllii 
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From  these  facts  Qautier  infers  that  the  sulphur  dioxide  of  volcanoes 
is  produced  by  tiie  reduction  of  sulphides,  followed  by  the  oxidation 
of  the  hydrt^u  sulphide  so  liberated.  This  oxidation  can  be  brought 
about,  as  Gautier  *  has  shown,  by  reactions  between  metallic  oxides 
and  hydrogen  sulphide,  a  reversion  of  some  of  the  other  reactions 
Btudied.  At  a  red  heat  steam  reduces  ferrous  sulphide,  forming  mag- 
netite. At  a  white  heat  hydrogen  sulphide  reconverts  magnetite  into 
PeS,  and  a  mixture  of  sulphur  dioxide  with  hydrogen  is  generated. 
Hydrogen  sulphide  may  also  react  with  carbon  dioxide  to  form  car- 
bonyl  sulphide,  COS,  and  water.  In  short,  Gautier  has  shown  that  a 
large  number  of  reactions  are  possible,  starting  only  with  water,  car- 
bon dioxide,  and  the  solid  constituents  of  lavas.  Many  of  these  reac- 
tions are  reversible,  and  they  give  rise  to  nearly  all  the  gaseous  mix- 
tures which  appear  in  volcanic  emanations.  The  nitrogen  of  the  vol- 
canic gases  Qautier,  like  several  other  authorities,  attributes  to  the 
presence  of  nitrides  in  the  lava. 

In  a  more  general  memoir  Gautier*  has  summed  up  his  views 
upon  the  chemistry  of  volcanism.  The  phenomena,  he  thinks,  are 
due  to  fissuring  and  subsidence  in  the  crust  of  the  earth,  whereby 
masses  of  crystalline  rocks  are  lowered  into  the  heated  region.  Gases 
are  then  developed,  in  accordance  with  the  reactions  that  he  has 
established,  under  enormous  pressures  and  in  immense  quantities. 
To  iUustrate  the  magnitude  of  the  phenomena  to  which  the  reactions 
may  give  rise,  Gautier  in  one  of  his  earlier  papers  shows  that  a  cubic 
kilometer  of  granite  would  yield  26,400,000  metric  tons  of  water  and 
5,293,000,000  cubic  meters  of  hydrogen,  measured  at  ordinary  temper- 
atures. That  amount  of  hydrogen,  burning,  would  give  4,266,000 
tons  of  water,  making  nearly  31,000,000  tons  in  all,  or  as  much  as 
passes  Paris  in  the  Seine  during  an  average  flow  of  12  hours. 
We  can  therefore  account  for  the  evolution  of  volcanic  steam  and 
gases  by  the  action  of  heat  alone  without  involving  either  the  infiltra- 
tion of  sea  water  or  unknown  and  im^nary  sources  of  supply  deep 
within  the  bowels  of  the  eariJl.  Given  a  mechanical  source  of  hoat 
and  rocks  of  ordinary  composition,  and  the  observed  chemical 
phenomena  will  follow.  Gautier,  however,  goes  further  than  the 
experimental  data  warrant.  He  supposes  that  the  nucleus  of  the 
earth  consists  largely  of  iron,  containing  hydrogen  and  carbon 
monoxide  in  solution.  He  also  assumes  the  existence  of  metallic 
carbides,  from  which  CO  and  hydrocarbons  may  be  generated. 
Sodium  chloride,  moreover,  he  regards  as  nuclear;  and  upon  supposi- 
tions of  this  sort  he  builds  up  an  elaborate  argument,  of  which  the 
soundness  is  yet  to  be  established.    It  is  rich  in  su^estions  which 

1  Compt.  Rend.,  yoL  143,  ISOe,  p.  7;  Ba]1.6occIiIm.,3d9«r.,  voL3i,I«0e,p.939. 

t  Aimatn  da^  miiws,  lOUi  set,,  vol.  9, 1909,  p.  3ie.  Compare  F.  Loewinson-Lessing  (Compt.  rend.  VII 
Cong.  gtel.  InMrnst,,  1807,  p.  SOS),  whaBttrlbiiUs  ToUsnlcgans  lo-tbe  abEotpCion  olsediroeotiiry  rocka 
bj  maemas.   Clays  yield  irat«r,llni«stonesIamlsliCOi,al«. 
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may  or  may  not  bear  fruit  in  future  discoveries.  The  carbide  theory, 
I  may  say,  is  not  due  to  Gautjer  alone.  It  was  also  advanced  by 
H.  Moissan/  who  attributes  volcanic  activity  to  the  action  of  water 
upon  metallic  carbides,  although  these  compounds  are  not  seen  as 
natural  products  on  the  surface  of  the  earth.  Water,  acting  upon 
the  artificial  carbides,  develops  hydrogen  and  hydrocarbon  gases; 
the  latter,  through  the  influence  of  heat,  partly  polymerize  to  hquid 
or  sohd  compounds  and  partly  bum,  yielding  carbonic  acid  and  water; 
and  so  the  observed  order  of  evolution  seen  in  volcanic  eruptions  is 
paralleled.  This  view  also  finds  some  support  in  the  observations 
of  O.  Silveetri  *  who  obtained  both  sohd  paraffin  and  liquid  hydro- 
carbons from  the  lavas  of  Etna.  The  theory  accounts  conveniently 
for  some  products  of  volcanism  and  may  be  true  in  part,  for  ^e 
carbides  are  readily  formed  and  are  likely  to  be  present  below  the 
r^on  to  which  the  surface  waters  penetrate.  If  deep^eated  waters 
really  exist,  then  the  carbide  hypothesis  must  be  abandoned,  or  else 
so  quahfied  as  to  deprive  it  of  any  real  significance.' 

Probably  the  most  elaborate  research  upon  the  gases  extractable 
from  rocks  is  that  of  R.  T.  ChamberUn.*  He  gives  more  than  a 
hundred  analyses  of  gasea  obtained  from  rocks,  minerab,  and  meteor- 
itea,  finding  H,S,  CO,  CO,,  CH.,  H,  and  N,.  Chlorine  and  its  com- 
pounds are  not  reported.  The  largest  quantities  of  gas  were  with- 
drawn from  ferromagnesian  rocks,  and  ia  general,  hydrogen  and  the 
carbon  oxides  predominated.  Id  deep-seated  rocks  H,  and  CO, 
were  about  equally  important;  in  surface  flows  the  latter  gas  was 
more  conspicuous.  Among  igneous  rocks  the  oldest  yielded  the  most 
gas,  recent  lavas  gave  very  much  less  than  the  Archean  plutonics. 

Chamberhn  discusses  his  analyses  with  much  thoroughness,  espe- 
cially with  reference  to  the  origin  of  the  gases.  Like  Gautier  he 
ascribes  the  major  portion  of  them  to  reactions  within  the  rocks, 
brought  about  by  heating.  There  must  be,  however,  some  gaseous 
occlusions,  as  in  the  case  of  beryl,  which  yielded  him  much  more 
hydrogen  than  could  possibly  be  generated  by  the  small  amounts  of 
water  and  iron  that  the  mineral  contained.  Inclusions,  such  aa  gas 
bubbles  in  quartz  and  the  hke,  he  r^ards  as  of  minor  importance. 
The  water  required  to  yield  the  hydn^en  Chamberlin  attributes  in 
great  part  to  the  micas  of  the  deep-seated  rocks — that  is,  it  was 

■  Proe.  Roy.  Soe.,  TOl.nO,  lSIM-<)7,p.  lU.  Sm  Btao  E.  StMAier,  H.  B«r.  Naturv.  OcssU.  Ctifliiiiilti,l900; 
A.  BoMl,  Arch.  kI.  pb^s.  oat.,  4th  nr.,  vol.  It,  ISOJ.  p.  4X1;  Uid  H.  Lanlcqiw,  liim.  Soc.  logte.  cliUs 
Tnaca,  Octabtr,  1B03,  p.  3M. 

1  Ota.  chlm.  ll&l.,  toL  T,  IS77,  p.  t. 

•  BM  ths  dlscusslDQ  over  JuTsnile  sod  vadgM  wBten  In  Chaptsr  VI,  ind  slao  OautlsT'i  manulr,  thare 
dted,  on  tha  lelatlwu  batwean  Tolcaulam  and  tbermal  spring  Tha  oocomnM  ol  hydiocarboiu  hai 
baea  notad  at  man  j  volcanic  cenMn. 

'  Pub.  No.  1H,  Camegle  Inst.  Wushlngtm,  1906.  BevBinl  analfsea  at  ^au  liom  lavaa  oI  Uont  Pelda 
tnd  VesDvlus  ore  idven  hy  U.  Clrossmum,  Compl.  Rend.,  vol.  14S,  IMS,  p.  Ml.  Another  papar  on  !■■•■ 
trom  rocia  Is  by  R.  J.  Slrutt,  Proc.  Roy.  Soc.,  vol  TOA,  1W7,  p.  Oi. 
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originaUy  magmatic,  and  locked  up  in  the  minerala  whrai  the  magma 
consolidated. 

In  an  interesting  series  of  papers  A.  Brun '  has  advanced  views  in 
strong  contrast  with  those  of  previous  writers,  for  he  regards  water  as 
of  minor  importance  in  the  production  of  volcanic  phenomena.  He 
agrees,  however,  with  Gautier  in  beUeving  that  the  gasee  emitted  by 
lava  at  the  instant  of  its  fusion  are  generated  within  it  by  chemical 
reactions.  Their  sources,  he  thinks,  are  nitrides  of  iron  and  silicon, 
hydrocarbons,  and  certain  chloro-silicates,  such  as  the  compound 
CajCljSiOj,  which  he  artificially  prepared.'  Hydrocarbons,  in  small 
amoimt,  he  extracted  from  lava,  as  Silvestri  had  done  before  him. 
From  a  Lipari  lava,  by  heating  to  temperatures  between  800°  and 
900°,  Brun  obtained  abundant  ammonium  chloride.  Quickly  ignited 
at  900°  it  gave  oR  free  nitn^en.  At  volcanic  temperatures  the  rock 
emitted  chlorine  and  hydrochloric  acid.  The  observed  volcanic  gases, 
according  to  Brun,  are  evolved  by  the  action  of  the  molten  magma 
upon  the  compounds  named  above,  and  the  temperatures  of  several 
stages  in  the  process  are  as  follows : 

0°  to    825°.  VolatUization  of  water. 

825°.  FiiBt  Qvoludou  ot  clilonde  vApon. 
874°  to  1,100°.  Temperature  of  explodona. 

1,100°.  Mean  temperature  of  flowing  lava.* 

The  vast  clouds  of  vapor  arising  from  volcanoes  are  thought  by 
Brun  to  consist  mainly  of  volatilized  chlorides,  with  little  or  no 
steam.  This  conclusion  is  in  direct  opposition  to  the  prevailing 
behef. 

In  support  of  his  views,  Brun  has  personally  studied  Stromboli, 
Vesuvius,  the  volcanoes  of  Java  and  the  Canary  Islands,  and  Kilauea. 
In  all  cases  he  claims  to  have  found  the  fresh  volcanic  glass  or  cinder 
to  be  practically  anhydrous,  and  to  yield  a  subhmate  of  ammonium 
chloride  on  heating  to  moderate  temperatures.  At  higher  tempera^ 
tures,  at  or  near  the  fusing  point,  gases  wore  given  off  with  explosive 
violence,  and  of  a  character  quite  unlike  anything  reported  by  pre- 
vious observers.  For  example,  four  obsidians  from  Krakatoa  gave 
498,  543,  380,  and  435  cubic  centimeters  of  gas  per  kilogram,  of  the 
following  composition: 

'Aicb.sd.phys.  DM.,  nbser.,  vol.  10,  tME,  pp.  138,189;  vol.  22,  IWe,  p.  <2S;  vol.  2S,  1908,  p.  IM:  vol.  27, 
190ft,  p.  113;  vol.  28,  leos,  p.  4S;  v(d.  20, 1810,  pp.  99,  SIS  (Ihalut  paper  Jointly  with  L.  W.Collat);  vahX, 
IBIO,  p.  £76.  A  general  summary  o[  hl9  cooduslODS  Is  gtven  by  Bnm  In  Rev.  gSo.  ad.,  1911),  p.  fil.  Bb  com- 
pleta  researcbea  bave  been  brougbt  logetber  tn  a  superb  quarto,  Rdcbercbes  sor  TexhslaiBOD  volcanlqua, 
Ofioevs,  1911. 

<  Chlorogllicattii  known  to  eidat  tn  nature,  like  sxIaltM  and  several  ntber  aperies,  are  more  iHDbsble 
Bnn»s  of  chlorine.   Sodallte  ts  among  the  mlnerab  reported  as  sabllmates  at  Vesnviuj. 

■  Tbe  temperature  ol  tbe  IsvB  at  Kllaoea  )■  glreD  by  Biun  aa  l,ZM*±W*.  Arch.  Hd.pliy3.iiat.,4th3er., 
ToL  30, 1010,  p.  KTfl.  Day  and  Shepherd,  by  means  of  a  tbumocaaple  levered  Into  the  center  of  the  lava 
pool,  determined  Ita  temperature  as  1,000°.   Carnegie  Init.  WuhlD(t<in,  Year  Book  No.  10, 10II,  p.  Hi. 
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The  chlorine  contaiDed  a  UtUe  sulphur  chloride,  and  ammonium 
chloride  was  also  collected  and  determined.  Other  obsidians  from 
other  volcanoea  gave  similar  results,  but  with  latter  proportions  of 
HCl  and  SO,  and  much  less  free  chlorine.  In  order  to  account  for 
the  extraordinary  difference  between  these  gases  and  those  obtained 
b;  former  investigators,  Brun  claims  that  he  studied  relatively  fresh 
or  "live"  material,  while  his  predecessors  examined  old  or  "dead" 
rocks,  such  as  granites,  etc.  The  distinction  is  of  doubtful  signifi- 
cance.* The  surprising  amounts  of  free  chlorine  found  in  Bnm'a 
analyses  are  also  questionable. 

The  publication  of  Brun's  researches  naturally  led  to  controversy, 
especially  between  himself  and  Oautier.*  Brun  urges  that  the  well- 
known  volcanic  sublimates  of  metallic  chlorides,  such  as  the  chlorides 
of  magnesium  and  iron,  are  incompatible  with  the  presence  of  water 
in  the  magma,  for  they  are  easily  hydrolyzed.  To  this  Gautier 
replies  that  a  lai^e  amount  of  hydrochloric  acid  in  the  volcanic  emana- 
tions would  inhibit,  partially  or  altogether,  the  usual  hydrolysis. 
Brun  of  course  recognizes  the  obvious  fact  that  superficial  or  meteoric 
waters  play  some  part  in  eruptions,  especially  in  the  formation  of 
fumaroles,  but  ho  regards  that  part  as  insignificant  and  is  most 
emphatic  in  declaring  that  the  magma  itself,  in  the  volcanic  chimney, 
is  anhydrous.  The  last  point  is  the  one  on  which  he  and  Gautier 
principally  diSer.  The  fumarole  gases,  so  far  as  they  have  been 
studied,  seem  to  be  generally  hydrous,  as  is  shown  by  a  group  of 
analyses  by  Gautier.'  These  gases  were  collected  at  Vesuvius,  A 
and  B  three  months  after  the  eruption  of  1906,  C  and  D  about  fifteen 
months  later.  Gases  A  and  B  were  emitted  at  a  temperature  near 
300°,  C  and  D  at  250°  to  280°.  The  undried  gases  had  the  subjoined 
composition. 

1  Two  of  ChambcrllD'i  uialyvs  nlBls  to  g»M  from  Inab  Vfsuvlaii  kva  of  tl»  «mptton  ol  190t.  They 
ocDtaliMd  iirinclpally  COi  vlth  mueh  SOi,  boom  CO  and  CH<,  and  minor  smounla  of  Ut  and  Ni,  Thos 
■onabou'iioraeDiblBiiM  to  Ukm  raporttd  by  Brim.  Od  Um  dUht  faand.B.  B«ck  (Umatsb.  Dtutaeh. 
IMd.  Ovdl.,  1910,  p.  2W}fDUDdln|^ei:trBctsiiframotsidlanU.17p«rMntCliaiidfi0.75  BCL 

■  ForQauUet^ibarelntheoontioviny  we  Arch.  acL  phys.  nat.,  4th  aar.,  tdI.  24, 1907,  p.  463,  and  Rotub 
kL,  Sth  ■«.,  vol.  8, 1907,  p.  MS,  and  Nov.  IT,  1900.  e«e  alM>  K.  Sapper,  Ctnlnlbl.  Htn,,  Osol.  u.  Pal., 
1909,  p.  eoe;  A.  C.  Lvw,  Tun«  CoU.  BtudiM,  toI.  3,  IMS,  p.  39;  and  J.  SchmrtKhliccr,  CwtnlbL  Htn., 
0«oLu.  PaL,  1911,  p.  777.    Bnm'a  papenbavaalnadybatD  cited. 

I  BuU.  &oe.  oliim.,  4Ui  Mr.,  ToL  E,  1908,  p.  V77.  See  abo  Compt.  Rand.,  vol.  14S,  1909,  p.  1716;  vol.  IW, 
l9Q»,p.8i. 
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The  water  in  these  gases  may  of  course  have  been  of  superficial 
origin.  J.  Prestwich'  has  noted  that  wells  and  springs  near  toI- 
canoes  generally  show  a  remarkable  shrinki^e  just  before  eruptions, 
an  observation  which  has  some  bearing  upon  the  character  of  the 
more  persistent  volcanic  emanations.  The  water  that  so  vanishes 
may  well  reappear  in  the  fumaroles  which  form  later.  A  very  serious 
objection  to  Brun's  opinions  is  the  fact  that  deep-seated  plutonic 
rocks,  which  presumably  solidified  out  of  reach  of  percolating  waters 
from  above,  contain  micas,  of  which  water  is  one  of  the  essential  con- 
stituents. The  analcite  basalts  and  the  highly  hydrated  pitchstones* 
are  aiso  difficult  to  understand  if  the  m^ma  is  really  anhydrous. 

Still  more  conclusive  against  Brun's  views  are  the  observations 
of  Day  and  Shepherd,  already  cited,  who  actually  collected  consider- 
able quantities  of  water  directly  from  the  molten  lava  of  Kilauea. 
There,  at  least,  the  magma  is  not  anhydrous.  Brun's  arguments  by 
which  he  seeks  to  prove  its  anhydrous  nature  are  all  discussed  by 
Day  and  Shepherd,  and  effectively  answered. 

On  the  whole,  the  work  of  Gautier  on  the  chemistry  of  the  volcanic 
gases  seems  to  be  the  most  general  and  satisfactory.  Deductions  from 
it,  however,  must  not  be  pushed  too  far,  for  the  evidence  does  not 
cover  all  the  ground.  That  rocks  contain  some  gaseous  inclusions  is 
established,  ^though  hydrogen  may  not  be  among  them;  and  these 
were  probably  entangled  when  the  m^ma  first  solidified.  Percolating 
waters  certainly  reach  volcanic  matter  from  above,  and  it  is  highly 
probable  that  some  water  filters  in  from  the  sea.  A  volcano  on  the 
seaboard  could  hardly  escape  from  receiving  some  accessions  of  that 

1  Proo.  Roy.  Hoc.,  vrf.  *1,  IgSS,  p.  IIT. 

'  In  a  ncut  publlcaUoa  (Zellschr.  [.  Vulkuiolagle,  vol.  1,  p.  3, 1B14),  Brun  atlempta  to  slunr  OM  tbs 
wMsr  al  vak»  b  not  an  Hnnlial  part  oT  the  moltciiJe.  Upon  that  assumplkm  tbe  lormula  of  muscovlte 
baaimm  InstEonal.  Aecardim  to  O.  etutUC  (MwaUb.  I>rataih.  (eoL  OdsaiL,  IfltO,  p.  102)  tha  waUr  ot 
pItcbsUme  1>  not  magmatlc 
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kind.*  What  the  relative  magnitude  of  these  several  factors  may  be 
we  have  no  meana  of  determining.  Furthermore,  experiments  like 
those  of  Qautier  do  not  reproduce  the  conditions  existing  within  a 
volcano.  His  rocks  were  heated  under  conditions  which  removed  the 
gaseous  products  as  fast  as  they  were  formed;  in  a  volcanic  reaervoir 
they  must  accumulate  in  contact  with  or  permeating  the  lava  until  the 
pressure  has  been  relieved  by  an  explosion.  Steam  may  oxidize  a 
ferrous  compound,  but  the  hydrogen  in  its  turn  is  a  powerful  re- 
ducing agent.  There  are  here,  then,  two  opposing  tendencies,  and 
we  can  not  readily  decide  what  sort  of  an  equilibrium  would  be 
eetablished  between  them.  It  is  probable  that  in  the  depths  of  a 
volcano  temperatures  prevail  which  dissociate  water  into  its  elements, 
unless  the  enormous  pressures  there  existing  should  compel  some  sort 
of  union  that  would  otherwise  be  impossible.  The  chemistry  of  great 
pressures  and  concurrently  high  temperatures  is  entirely  unknown, 
and  its  problems  are  not  hkely  to  be  unraveled  by  odj  experiments 
within  ^e  range  of  our  resources.  The  temperatures  we  can  com- 
mand, but  the  pressures  are  as  yet  beyond  our  reach.  We  may  devise 
mathematical  formulae  to  fit  determinable  conditions;  but  the  mo- 
ment we  seek  to  apply  them  to  the  phenomena  displayed  at  great 
depths  we  are  forced  to  employ  the  dangerous  method  of  extrapola- 
tion, and  our  conclusions  can  not  he  verified. 

VOLCANIC    EXPLOSIONS. 

It  is  generally  admitted  that  the  volcanic  gases  are  the  chief  agents 
in  producing  volcanic  explosions.  This  is  emphasized  by  E.  Reyer,' 
by  A.  C.  Lane,*  by  S.  Arrhenius,*  and  more  recently  by  C.  Doelter.* 
Lfuie  and  Doelter  especially  r^ard  the  deep-seated  magmas  as 
impr^nated  by  gaseous  mixtures  which  explode  upon  rehef  of  pres- 
sure. As  interpreted  by  Lane,  these  gases  were  absorbed  by  the 
early  earth  as  original  and  necessary  constituents  of  every  magma. 
Mid  their  retention  is  essential  to  the  development  and  crystallization 
of  plutonic  and  dike  rocks.  Their  sudden  escape,  due  to  the  for- 
mation of  cracks  in  the  earth's  crust,  is  a  prime  cause  of  volcanic 
eruptions.  Hypotheses  of  this  order,  varying  only  in  detail,  have 
been  widely  accepted,  but  they  are  not  in  complete  harmony  with 
the  conclusions  of  either  Qautier  or  Brun. 

It  is  plain  that  the  consideration  of  the  volcanic  gases  is  directly 
connected  with  various  current  speculations  concerning  the  origin  of 
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the  earth;  and  whether  we  inchne  to  the  nebular  hypothesis  or  to 
the  planetesimal  conceptioa,  lately  developed  by  T.  C.  Chamberlln, 
we  must  take  them  into  account.  Chamberlin  and  R.  D.  Salisbury ' 
r^ard  the  gases  as  originally  entangled  in  the  meteoroidal  matter, 
from  which,  according  to  the  planetesimal  hypothesis,  the  earth  was 
formed,  and  they  are  therefore  true  additions  to  the  atmosphere  and 
hydrosphere.  These  authors  admit  that  lavas  in  rising  to  the  surface 
may  encounter  rocks  saturated  with  moisture,  and  so  generate  some 
steam;  but  they  argue  that  lai^e  accessions  of  water,  such  as  infil- 
trations from  the  sea,  would  absorb  more  heat  than  the  molten 
magma  could  afford  to  lose.  Could  Stromholi,  for  instance,  which 
has  been  in  continual  activity  for  more  than  two  thousand  years, 
have  retauifld  its  heat  imder  such  adverse  conditions )  The  question 
is  pertinent,  but  not  final,  for  we  know  nothing  about  the  relative 
quantities  of  water  and  lava  which  are  supposed  to  take  part  in  the 
eruptions.  A  large  molten  reservoir  and  a  moderate  infiltration  of 
water,  a  supply  of  heat  greater  than  the  wastage,  are  conceivable; 
and  it  is  aJso  to  be  remembered  that  some  water  lowers  the  melting 
point  of  a  rock  and  so  helps  to  preserve  its  fluidity.  A  considerable 
degree  of  cooling  is  not  incompatible  with  aqueo-igneous  fusion  and 
would  not  necessarily  check  the  outflow  of  a  lava  stream  or  the  visi- 
ble activity  of  a  volcano.  Arrhenius  '  claims  that  a  continuous  activ- 
ity, like  that  of  StromboU,  would  be  impossible  without  a  steady  sup- 
ply of  water,  and  he  regards  the  sea  bottom  as  equivalent  to  a  semi- 
permeable membrane  trough  which,  by  osmotic  pressure,  the  water 
is  forced.  This  pressure  at  a  depth  of  10,000  meters  would  amount 
to  1,700  atmospheres.  It  is  not  aa  a  liquid,  however,  but  as  a  vapor, 
far  above  its  critical  temperature,  that  the  water  enters  the  magma, 
in  which  it  is  absorbed  much  as  ordinary  water  is  taken  up  by  cal- 
cium chloride.  During  an  eruption  it  is  emitted  as  steam.  The 
reverse  movement  of  magma  to  the  ocean  is  prevented,  according  to 
Arrhenius,  by  the  impermeahiUty  of  the  intervening  septum  to  the 
laiger  and  heavier  molecules  of  which  the  molten  rock  is  composed, 
and  especially  to  the  amorphous  silica  which  the  entering  water  is 
supposed  to  set  free.  Here  the  nature  of  the  fluid  magma  itseK  is  in 
question — a  subject  which  will  be  taken  up  more  fully  in  the  next 
chapter. 

So  far,  then,  we  have  several  distinct  hypotheses  to  account  for 
the  gaseous  exhalations  of  volcanoes.     Arrhenius  and  Daubr^e,  as 

iQeoloey,  i-ol-l,  pp.  5S8-5M.eaZ-eiS,  ttlH.  SMOlsouite.Chip.  n,  p.  U.  AteardlnE  to  Cbamba-IIo 
acd  Salisbury,  cryBtalliEatkni  hns  much  to  do  with  tbe  evolution  of  volcarUc  faaofl.  When  crystals  Uam 
within  a  lars,  they  glvt  up  their  gaseoua  load,  vhich  ovtrcharges  tha  still  flutd  portions  ol  the  nugms, 
thereby  causing  Incrsaaed  prssure  and  provoking  e< plosions.  S«e  enalyua  by  R.  T.  Ch&mbertln,otgBS« 
from  the  rocks  and  ptienocrysM  o[  a  small  tu2  cone,  Rod  Uountain,  Aili.,  dtad  by  W.  W.  Alwood,  Jour. 
Geology,  vol,  14,  p.  138, 1906. 

>  GmI,  FSreu.  Ffchandl.,  vol,  12,  p.  «11,  IBm. 
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well  as  many  earlier  writers,  derive  them  from  infiltrations  of  sea 
water,  Arrhenius  assuming  osmotic  pressure  and  Daubr^e  capillary 
attraction  as  the  method  by  which  entrance  to  the  magma  was 
effected.  Chamberliu  and  Lane  r^ard  the  gases  as  original  inclo- 
Bures  within  the  earth,  now  issuing  from  great  depths.  Qautier, 
Moissan,  and  Brun  assign  their  origin  to  reactions  within  the  rocks 
themselves,  but  differ  as  to  the  details  of  the  process. 

Of  all  these  differing  views,  that  of  Gautier  involves  the  smallest 
amount  of  hypothesis,  and  it  also  has  the  merit  of  simplicity.  It  is 
not,  however,  as  we  have  already  seen,  absolute  and  final,  but  it  cer- 
tainly represents  a  part  of  the  truth,  and  possibly  the  major  portion. 
On  the  experimental  side  it  needs  further  investigation,  for  it  is  dif- 
ficult to  suppose  that  a  fluid  magma,  saturated  with  gas  and  water, 
could  emerge  from  a  volcano  and  solidify  without  retaining  some 
gaseous  occlusions.  In  fact,  the  experiments  of  R.  T.  Chamberhn 
seem  to  prove  that  such  occlusions  exist,  and  the  extent  to  which 
Gautier's  conclusions  can  be  accepted  depends  upon  their  magnitude. 
Heie  we  may  properly  resort  to  some  evidence  from  analogy. 
Gaseous  occlusions  are  taken  up  by  iron,  steel,  and  slags  in  ordinary 
furnace  operations,  and  among  them  hydrogen  is  the  most  con- 
spicuous.' Data  relative  to  the  absorption  of  hydrogen  by  iron  are 
abundant,'  and  meteoric  iron  seems  always  to  contain  it.*  From  the 
Lenarto  iron  T.  Graham  obtained  2.85  times  its  volume  of  gas, 
containmg  86  per  cent  of  hydrogen.  From  the  Augusta  iron  Mallet 
extracted  3.17  volumes,  in  which  hydrogen,  carbonic  oxide,  carbon 
dioxide,  and  nitrogen  were  present.  There  is,  to  be  sure,  one  adverse 
experiment  by  M,  W.  Travers,*  on  meteoric  iron  of  unstated  origin, 
which  is  not  quite  conclusive.  By  heatii^  this  iron,  hydrogen  was 
obtained;  upon  dissolving  the  iron  in  copper  sulphate  solution,  none 
was  evolved.  The  failure  to  develop  hydrogen  in  the  second  experi- 
ment is  held  by  Travers  to  prove  its  absence,  at  least  as  a  gaseous 
occlusion.  The  possibility  that  hydrogen  from  a  metallic  hydride 
might  be  expended  in  the  precipitation  of  copper  seems  not  to  have 
been  investigated.  The  weight  of  evidence,  so  far,  is  that  meteoric 
irons  do  occlude  hydrogen,  while  meteoric  stones  yield  a  larger  propor- 
tion of  carbon  dioxide.     The  Kold  Bokkeveld  carbonaceous  meteorite 

I  Bm  Uble  elren  by  A.  C.  Lane  In  bis  paper,  Oeoloeicai  Bctlvlt;  of  the  wrCh's  originally  ubsorbed  gBSCG: 
Boll.  Gaol.  Soo,  Americn,  vol.  b,  ISM,  p.  3M.  B«s  alM  rafcranon  clWd  by  O.  Tscbennak,  Sltcungib. 
Akad.  Wien,  vol.  75, 1877,  pp.  170-m. 

■  Bee,  lor  example,  L.  Troost  and  P.  Baaldenflle,  Compt.  Rend.,  vol.  7B,  lS73,p.  m2:  L.CBllletel,  Idem, 
toI.  si.  1S65,  p.  aSO;  and  Tboms,  Zattscbr.  pbj^llnl.  Ch«nile,  vol.  3,  IW,  p.  91.  Tboma's  paper  glvee 
man;  reTerenoea  to  literature.  H.  Wadding  sul  T.  Fl9cbcr<B(t.  V  Intonat.  Kong,  angeir.  Cbamla,  tdI. 
a,  IBM,  p.  25)  hBTe  summed  up  tbe  subject  qull«  thoroughly.  The  papcn  by  I.  Parry  (Am.  Chemist,  vol. 
1,1873-74,  p.  22i;  Tol.  6,  lS7S-7e,  p.  107]  areuLn  Importaat. 

»T.o™bam,Proo.Roy.Soc.,vol.l5,l8a«-«7,p.5(».  J.  W.Mallat,ldem,vol.»,l87J-7a,p.3a5.  A.W. 
Wright.Am.Jimr.  Bcl.,ad»r.,ri>1.9,lB7G,p.2»4:vol.lO,lS75,p.44iTol.  ll,ia3a,p.ira;Tol.ta,lS7e,p.Ue; 
J.DawaraDdO.  Amdall.Proc.  Boy.lBgt.,vol.ll  lgge,p.«S.    Swalio&.T.GtuuillNdIii,l(lG.(liL 

•  Proo.Rojr.  Soc.,  vol.  U,  p.  130,  ISgS-M. 
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gave  thirty  times  its  volume  of  gas,  in  which  carbon  dioxide  pre- 
dominated. The  terrestrial  native  iron  from  Ovifak,  in  Greenland, 
gives  off  when  heated,  according  to  Woehler,'  more  than  one  hundred 
times  its  volume  of  gas,  which  is  mainly  carhon  monoxide  with  a 
little  dioxide.  If  Chamberlin's  theory  of  the  earth's  origin  is  correct, 
we  have  in  these  gases  an  adequate  supply  for  the  maintenance  of  all 
volcanic  phenomena.  Or,  if  the  earth  itself  is  equivalent  to  a  huge 
meteorite,  as  many  thinkers  have  supposed,  the  analogy  between  it 
and  the  smaller  bodies  accounts  for  nearly,  if  not  quite,  all  volcanic 
gases.  From  this  point  of  view  they  are  ocdusions,  forced  .out  by 
pressure  and  the  resulting  mechanical  heat.  Between  this  suppo- 
sition and  that  of  Chamherlin  there  is  little  essential  difference,  at 
least  upon  the  chemical  side  of  the  problem.  The  analogy  between 
the  expulsion  of  a  gas  from  the  interior  of  our  globe  and  its  evolution 
from  meteorites  has  been  well  developed  by  Q.  Tschermak,'  who 
regards  volcanism  as  a  cosmic  phenomenon,  of  whidi  the  typical 
example  is  to  be  found  in  the  terrific  gaseous  upheavals  that  are  seen 
on  the  surface  of  the  sun. 

For  each  of  the  theories  so  far  proposed  relative  to  the  origin  of 
volcanic  gases  strong  arguments  can  be  adduced,  and  no  one  should 
he  exclusively  adopted.  The  phenomena  are  probably  complex,  and 
many  activities  contribute  to  their  development.  Some  gas  must  be 
derived  from  reactions  like  those  described  by  Travers  and  Gautier; 
some  must  originate  from  percolating  waters;  and  a  portion  of  the 
supply  may  possibly  come  from  deep-seated  sources.  Whether  we 
assume  that  the  earth  was  once  a  molten  globe  or  that  it  was  formed 
by  the  accretion  of  meteoric  masses,  gases  must  be  retained  within  its 
interior,  and  their  escape  from  time  to  time  would  seem  to  he  unavoid- 
able. Molten  matter,  whether  metallic  or  stony,  is  known  to  dis- 
solve gases  in  lai^e  amounts,  as  silver  dissolves  oxygen,*  and  they  are 
expelled  in  great  measure  during  solidification.  They  are,  moreover, 
expelled  explosively,  a  fact  which  can  be  verified  in  any  laboratory; 
but  that  the  expulsion  is  complete  is  extremely  improbable.  Some 
gas,  it  may  be  much  or  little,  is  retained  by  the  solid  mass,  and  modi- 
fies its  properties.  All  of  these  elements  contribute  to  the  phenomena 
of  volcanism,  but  their  relative  magnitudes  can  not  now  be  evaluated. 
Speculation  upon  them  may  help  to  stimulate  research,  hut  so  long 
as  the  temperatures  and  pressures  within  a  volcano  are  unmeasured 
the  problems  su^ested  by  the  hypotheses  must  remain  unsolved. 
The  question  of  volcanic  temperatures,  of  which  more  will  be  said  in 
the  next  chapter,  is  particularly  important  In  the  investigation  of 

>  Ann.  Ch«m.  niarm.,  vol.  163, 1B73,  p.  liO.  A  sfanHai  obBetvatloa  by  It,  Bacthelot  b  isoordtd  by  A, 
Duibric,  Compt.  Rwd.,  vol,  7i,  1872,  p.  IMl. 

>  SflcUDgib.  Akad.  Wieo,  vol.  Tfi,  18TT,  p.  ISl. 
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Tolcanio  ezplo^ons.  The  latter  are  due  in  part  to  cooling  and  the 
violent  expulsion  of  gases  following  relief  of  pressure,  but  chemical 
combination  may  also  be  manifest  in  them.  If  the  temperature  in 
the  deptliB  of  a  volcano  is  high  enough  to  dissociate  water  into  its 
elements,  then  the  issuing  gases  will  form  an  explosive  mixture  of 
tremendous  energy.  The  moment  such  a  mixture  reached  the  surface 
of  the  molten  lava  it  would  have  become  cool  enough  to  ignite,  and 
the  characteristic  detonations  would  follow.  Hydrogen  alone,  emerg-. 
ing  into  the  air,  might  form  with  the  latter  a  similar  mixture  and 
produce  the  same  phenomena.  E.  W.  von  Siemens,'  observing  a  series 
of  explosions  at  Vesuvius,  ascribed  them  to  this  cause.  That  hydro- 
gen does  issue  from  volcanoes  is  established;  under  certain  conditions 
it  bums  quietly,  and  under  others  it  gives  rise  to  explosions;  but  in 
either  case  it  develops  much  heat  and  so  retards  the  cooling  of  its 
surrounding  matter.  One  gram  of  hydrogen,  burning  to  form  water, 
liberates  a  quantity  of  heat  represented  by  34,000  calories;  that  is,  it 
would  raise  the  temperature  of  34,000  grams  of  water  from  0"  to  1°  C. 
This  reaction  alone,  this  combustion  of  hydrogen  in  air,  evidently 
plays  a  very  large  part  in  the  thermodynamics  of  volcanism. 

SUMMART. 

That  the  volcanic  gases  appear  in  a  certain  regul&r  order  has  been 
shown  by  the  various  researches  upon  their  composition,  and  espe- 
cially by  the  labors  of  Deville  and  Leblanc.  What,  now,  in  the  light 
of  all  the  evidence,  is  that  order,  and  what  do  the  chemical  changes 
mean? 

First.  The  gases  issue  from  an  active  crater  at  so  high  a  tempera- 
thre  that  they  are  practically  dry.  They  contain  superheated  steam, 
hydrogen,  carbon  monoxide,  methane,  the  vapor  of  metallic  chlorides, 
and  other  substances  of  minor  importance.  Oxygen  may  be  present 
in  them,  with  some  nitrogen,  argon,  sulphur  vapor,  and  gaseous  com- 
pounds of  fluorine. 

Second.  The  hydrogen  bums  to  form  more  water  vapor,  and  the 
carbon  gases  oxidize  to  carbon  dioxide.  From  the  sulphur,  sulphur 
dioxide  is  produced.  The  steam  reacts  upon  a  part  of  the  metallic 
chlorides,  generates  hydrochloric  acid,  and  so  acid  fumaroles  make 
their  appearance. 

Third.  The  acid  gases  of  the  second  phase  force  their  way  through 
crevices  in  the  lava  and  the  adjacent  rocks,  and  their  acid  contents 
are  consumed  in  effecting  various  pneumatolytic  reactions.  The 
rocks  are  corroded,  and  where  sulphides  occur  hydrc^en  sulphide  is 
set  free.  If  carbonate  rocks  are  encountered,  carbon  dioxide  is  also 
hberated. 


■  tlonalsb.  K.  pinui.  Alnd.,  1S7B,  p.  & 
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Fourth.  Only  steam  with  some  carbon  dioxide  remains^  and  even 
the  latter  compound  soon  disappears. 

This  seems  to  be  the  general  course  of  events,  although  it  is  modi- 
fied in  details  by  local  peculiarities.  All  of  the  substances  enumer- 
ated in  the  lists  of  gases  and  sublimates  given  in  the  earlier  portions 
of  this  chapter  may  take  part  in  the  reactions,  -  but  they  do  not 
seriously  affect  the  larger  processes  which  have  just  been  described. 
■The  order  is  essentially  that  laid  down  by  Deville  and  Leblanc, 
except  that  the  early  evolution  of  hydrogen  and  carbonic  oxide  is 
taken  into  account.  The  current  of  events  may  be  disturbed,  so  to 
speak,  by  ripples  and  eddies— that  is,  by  subsidiary  and  reversed 
reactions — but  its  main  course  seems  to  be  clearly  indicated.' 

>  ?ar  a  aummuy  of  oui  knovledge  oancanlug  ttia  msgmatio  gaaoi  praTloua  to  tbe  work  of  Briin  and 
CbambwUa,  see  F.  C.  Lincoln,  Eoon.  QeoIagT,  vol.  2, 1907,  p.  £58.  Llnooln  givca  a  eood  Mble  o[  analySB 
attd  proposes  a  classlScation  of  tbe  volcanic  exbslatloiu.  Fat  a  thecretlcal  dboasslan  relative  to  "gu 
mlnerBlliars"IaniagniasseeP.NIeell,  ZeitsOir.  uKirg.Ctie[iile.vol.T5,p.lel,aadvol.n,lt)12,p.SSl.  Also 
Cntialbl.  Ulu.,  Oeol.  u.  Pal.,  1912,  p.  321;  and  OcoL  RondschBU,  vol.  3, 1912,  p.  i72. 


.y  Google 


CHAPTER  DC 

THE  MOLTEN  MAGMA. 

TEMPERATUBE. 

In  the  chapter  upon  volcanic  gases  the  question  of  temperatures 
waa  purposely  left  vague,  and  only  the  hare  fact  that  they  must  b© 
high  was  taken  into  account.  For  an  intelhgent  study  of  the  mag- 
mas, however,  some  more  definite  estimates  of  temperatures  are  eesen- 
tial,  even  though  their  inferior  hmits  can  alone  be  determined  with 
any  d^ree  of  certainty.  We  can  measure  the  temperature  at  which 
lavas  and  their  component  minerals  fuse,  under  ordinary  conditions 
of  pressure;  but  these  melting  points  are  modified  by  varioiM  agencies 
within  the  depths  of  the  earth,  and  it  is  not  yet  possible  to  strike  a 
definite  balance  between  the  opposing  forces.  By  pressure,  which 
steadily  increases  as  we  descend  into  the  earth,  the  melting  points 
must  be  raised,'  but  on  the  other  hand  the  gases  that  we  know  to  be 
present  in  the  molten  mass  tend  to  lower  them,  and  the  latter  tend- 
ency is  probably  the  stronger.  The  fact  that  pressure  tends  to 
prevent  the  escape  of  dissolved  vapors,  and  so  to  increase  fluidity, 
must  also  be  taken  into  account.  It  should  be  remembered,  more- 
over, in  any  reasoning  upon  the  unerupted  magma,  that  the  tempera- 
ture at  which  it  can  retain  the  liquid  state  is  a  minimum,  and  that 
actually  it  may  he  very  much  hotter.  The  temperature,  fm1,hermope, 
is  beheved  to  increase  with  the  depth ;  hut  we  can  do  no  more  than 
to  stu-mise  what  l^e  conditions  may  be  miles  below  the  apparent 
surface  of  the  lava  column.*  Although  the  characteristics  of  the  in- 
dividual rock-forming  minerals  will  not  be  generally  discussed  until 
the  next  chapter  is  reached,  our  knowledge  of  their  melting  points 
may  properly  be  summed  up  here.  It  is  only  within  recent  years 
t^at  anything  like  accm'ate  measurements  of  high  temperatures  have 
been  possible,  and  therefore  the  few  and  scattered  older  data  can  be 
ignored."  The  development  of  the  thermocouple  by  C.  Bams  in 
the  United  States  Gccological  Survey,  and  by  H.  Le  ChateUer  in 
France,  and  the  use  of  the  Soger  cones  in  the  ceramic  indmtry,  have 

I  Estlniatw  of  the  cLonga  la  lusIblllCy  due  to  pressure  have  been  made  by  Lcrd  Kelvin,  Pbikia.  Usg., 
6th  tor.,  vol,  IT,  p.  6Si  C.  E.  BtromeyO',  Uem.  Uuichcater  Lit.  Phlloa,  Boo.,  vol.  U,  No.  7,  IMD,  and 
J.  H.  L.  Vogt,  Uln.  pet.  Ultl.,  vol.  IT,  1903,  p.  K6.  The  [uudameiital  data,  bowever,  are  lew  and  xaatt- 
bbctarj.  On  tlie  inflnaace  ol  pressure  In  producing  chemlcsl  cbangra  In  deep«eat«d  rocks,  see  J.  W. 
Todd,  lour.  Chem.  Sac,  vol.  ST,  1890,  p.  404. 

•  Fcr  astlmnUs  oF  temperaturss  br  within  tlie  earth,  see  Clarence  King,  Am.  loot.  Bel.,  3dser.,  vol.  U, 
Ue8,p.  T;  O.  Fisher,  Idem,  4th  SM.,  vol  U.IWH, p.  *U;  F.  R.  MouHon.cUadbr  T.  C.  ChMnborlln,  Jour. 
Oeology,  vol.  E,  1S97,  p.  SJi;  nnd  A.  C.  Lonn,  in  Chamberlln  and  Salisburj's  aeDl(ig]>.  toL  1,  I9D4,  p.  HI. 
All  the  csUnuten  reach  exceedingly  high  figures,  but  they  sie  bssed  upon  very  doubtful  extrapolations. 
It  is  ocmcetvable  that  the  Increaae  of  lemperatuTB  with  depth  may  reach  a  limit  which  It  oan  not  eiMnd. 

>  Bee,  lor  example,  A.  Scbenel  and  T.  Erhard,  Beibklttei,  1S79,  p.  347;  ud  Sohertel,  Idem,  ISK),  p.  H3. 
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placed  high-temperature  pyrometry  upon  a  new  footing  and  have 
made  practicable  the  class  of  detenninations  which  we  now  require. 

In  1891  J.  Joly^  desmbed  an  instrument  (the  meldometer)  by 
means  of  whi&b  fjie  melting  points  of  minerals  could  be  rapidly  and 
easily  determined,  and  several  yeais  later  S..  Cusack'  reported  a 
considerable  number  of  measurements  made  with  its  aid.  "nie  in- 
strument consisted  of  a  thin  ribbon  of  platinum,  upon  which  the  min- 
eral to  be  examined,  in  very  fine  powder,  waa  placed.  The  particles 
of  mineral  dust  were  observed  with  a  microscope;  the  ribbon  was 
heated  with  an  electric  current;  and  from  the  expansion  of  the  plati- 
num, which  was  measurable,  the  temperature  was  ascertained.  For 
the  method  by  which  the  meldometer  was  caUbrated  the  original 
memoir  may  be  consulted. 

C.  Doelter,'  in  recent  years,  has  made  many  melting-point  determi- 
nations by  means  of  a  thermoelectric  couple.  In  his  earlier  work  the 
minerals  were  fused  in  a  gas  ftimsce;  later  an  electric  furnace  was  used. 

The  determinations  by  A.  Brun  *  were  published  in  1902  and  1904. 
His  fusions  were  effected  in  a  muffle  furnace,  heated  by  a  mixture  of 
oxygen  and  iUuminating  gas,  and  the  temperatures  were  measiu*ed  by 
comparison  with  S^er  cones.  The  crystajlizod  mineral  was  mounted 
on  a  slender  peduncle  of  platinum,  and  so  placed  that  it  was  heated  by 
radiation  from  the  walls  of  the  muffle  out  of  contact  with  the  flame. 

In  all  of  the  determinations  represented  by  the  forgoing  investiga- 
tions the  subjective  element  has  been  large.  The  tested  samples  were 
watched  and  the  human  eye  was  trusted  to  determine  when  soften- 
ing began  and  when  fusion  was  complete.  Greater  exactness  has  been 
secured  in  the  researches  conducted  by  A.  L.  Day  and  his  colleagues* 
in  the  geophysical  laboratories  of  the  United  States  Geological 
Survey   and    the   Carnegie   Institution   upon    almost    ideally  pure 

1  Pnc.  Roy.  Iiiih.  Acad.,  3cl9«r.,TgL  2,  ISai,  p.  3S. 

<lilgm,vo1.4,18e«,p.3M. 

1  lUn,  pet.  Mitt.,  toL  30, 1901,  p.  Ml;  voL  21, 1903,  p.  M;  vol.  »,  1903,  p.  297;  Sftirungslj.  Ak»d.  Wtai, 
Tol.  114,  \9X,  p.  S»;  voL  IIS,  Abtb.  1,  Jutr,  1906.     Tba  dMarmlnBtlonB  clUd  are  {ram  hja  third  pap«T. 

t  Anb.  Ki.  pbys.  nat.,  4tb  mt.,  toI.  U,  1903,  p.  K3;  voL  18, 1904,  p.  U7.  For  the  details  ol  Bnin'i  diitw- 
mbiBUaiia,  set  his  Tohune  Rvcberchaa  sue  I'aihslalsm  votcsnique,  Q«iibvb,  I91L  There  are  alSD  aamt 
dalarminstkKU  by  W.  C.  Boberts.Au3teii,  cUtA  by  Ixrd  Kelvtn,  I-hlliB.  Vag.,  Sih  aer.,vt>i,  K,  189S,  p.  16 
otheis  by  J.  H.  L.  Vogt,  pnbllabed  tn  part  2  of  ijie  ELlkstadinielilSiuiigen,  aod  a  law  by  W.  Bempel; 
Bar.VIiil«rTiat.  EoDg.  anKev.Chemle.vol.  l,19M,p.  739.  For  data  en  shaka  and  cIayi,aeeW.C.  Haraeai, 
Z«ltichi.  aiigew.Cheiiiie,19aG,p.  49.  For  MV«nl  ran  mlunals,  b««  H.  L.  Fletchor,  Bd.  Proo.  Boyal  Dnb- 
Un  Soc,  vol  13, 1B13,  p.  443.  Ftr  J^wnese  mloeTals,  Y.  Yamashlla  and  U.  Unjlnu,  Sd.  Kept.  Tohuku 
Univ.,  voL  1,1(111,  p.  ITS.  ODiiuitliodi,wllhB  aniq>llatko  at  data,  A.  L.  Day,  Fcrtadu.  UIil,  Eiyst.  n. 
Pet,T0L4,19l4,p.llG. 

•  A.  L.  Day  and  E.  T.  Allea,  Am.  Jour.  Sol.,  4th  ser.,  toL  IS,  1X6,  p.  93,  m  the  leldapHS.  E.  T.  Allot 
md  W,  P.  While,  Idem,  vol.  21,  IQOS,  p.  100,  on  woUastoilte.  A.  L.  Day  and  E.  S.  Shepherd,  Idem,  toL 
33, 190e,  p.  aOG,  en  the  llmcvelllra  series.  B.  T.  AUsn,  F,  E.  Wright,  and  J.  X.  Clement,  Idem,  voL  23, 
1906,  p.  3SS,  on  iaB£ii€slum  metasniiste.  E.  T.  Allen  mdW.  F.IVhlta,  Idem,Tol.  37,  ISOS.p.  1,  en  dlop- 
■Ide,  etc.  E.  B.  Shepherd  and  O.  A.  RanUo,  Idem,  YoL  U,  1909,  p.  383,  on  bleary  systema  of  alumtu 
wUh  silica,  Ume,  and  t"HC"*^*Wi  Fv  a  nunmary  of  then  detfinninatlcRiB,  with  foTTBctkna,  see  A.  L.  Day 
■od  B.  B.  Sosman,  Am.  Igor.  Set,  4th  set.,  tdL  31.  loll,  p.  341.  The  ccnactid  figures  are  given  tn  the 
toUowing  table.  Later  papers  by  K.  L.  Bowen,  Am.  Joor.  Bel.,  4th  ser,,  to!,  33, 1013,  p,  554;  roL  tH,  1911, 
p.  318,  aad  S.  L.  Bowcn  and  O.  Andersen,  Idem,  toL  37, 1914,  p.  4S7,  are  abo  Impcrtant.  lUxturas 
Btmllar  to  the  last  have  also  been  studied  by  R,  Bleke,  Chem.  Abst.,  vol,  3,  1903,  p.  9SJ,  from  Stahl  n. 
Einn,TaL38. 
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artificial  mmerals,  and  inth  thermoelectric  couples  which  had  been 
calibrated  by  companson  with  the  standards  at  the  Physikalische 
Reichsanstalt  at  Berlin.  In  these  measuremente  the  melting  points 
were  determined  hy  noting  the  exact  temperatures  at  which  abrupt 
absoiptioDB  of  heat  occnrred,  thns  avoiding  errors  of  judgment. 

From  the  great  mass  of  data  now  available  I  have  compiled  the 
following  table,  which  wdl  exhibits  the  great  divergence  between  the 
older  and  the  newest  determinations.  The  table  might  be  greatly 
extended,  bat  so  many  of  the  published  figures  relate  to  imanalirzed 
minerals  that  their  value  is  problematical.  Additional  data  will  be 
pven  in  Cihapter  X,  in  describing  individual  species. 

MeUmf  poinU  {"C.)  ofvarioui  mtncralt,  a*  determined  by  different  iniiettigaton. 


ufaunL 

loly. 

Cus»k. 

DodMr. 

Bron. 

Dayetal. 

1, 165-1, 210 

1, 490-1, 520 
1, 544-1, 562 

1,230 

1, 223-1, 235 

1,040-1,210 
1, 155-1, 185 

1,370 
1,280 

0  1,340 

1,220 
1,176 

1, 135-1, 185 
1, 115-1, 170 
1, 186-1, 220 
1, 275-1. 315 

1,260 
1,269 

1,172 

1,298 
1, 05fr-l,  070 

1,410-1,430 
1,270 

■  Appraxlinat«.   Vlnoetty  prerenti  tiuct 


Ubunt. 

Cusark. 

Dofltar. 

Bnui. 

DsretaL 

1,375-1,400 

1, 20*-l,  20B 

1, 230-1, 266 

1,366 
1,515 
1,270 

1,640 

i,  i87-i,  195 

1, 135-1, 286 

Tti»pa{.^a    OT^ifi^Bl 

1, 187-1,  m 

1,219-1,223 

1, 187-1, 200 

1, 312-1, 378 

1,426 

l,0S5-l,200 
1, 200-1, 220 
1, 065-1, 155 
1,265-1,410 

1,230 

1,270 

1.060-1,070 

1,750 
1,7«> 

1,625 

1, 190-1,  225 
1,360-1,400 

1,300 
1,270 

aVdOtitODita  hM  do  Via  mtttliu;  cofnt.    At  IJQO*  ft  n 
"■taatl^MCf. 

A  mQCb  loiramhM,  l,ast*,  T«  itTcn  b;  Toel 
.. ._  -iij_     ^ — ^  jj  iftnjjomiea  into 


1,000*.  AMCrdlsg  to  C.  W.  EuMilt  aoui.  n  i 
IbO  at  %800*,  CaO  at  1,171)*,  aiH)  Cr^iat  l.n 
3W)  pots  tbe  rndtliw  pdDt  ot  sUiCB  at  i,raO*. 
im,pp.ei7, 71S),  Mdi'mltsiiultaaslow  as  l, 
d  PHv»l«  oonunnnlBatloD  from  A.  L.  Day; 


□r  iSiCB  as  1,T7S'  aoi  Uampsl  u 
.  roagDoiia  at  1,110',  and  lima  at 
lS13,p.318),Al,OimelUat 


.  Boudouard  (joui.  Iron  and  kimI  lost.,  1905,  pc.  l,  p. 

. rding  to  F.  D.  Qu«n»l  (Centrolbl.  Uin.,  QnL  u.  PaL, 

IfitW,  and  afiows  btdptant  fusion  at  1,100*. 


A.  L.  Day;  datwrnlood  on  th*  natural  mlncraL 
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A  few  otSiear  intereetrng  determinations  of  meltiiig  point  have  been 
giTen  by  G.  Stein,  who  used  the  Wanner  pyrometer.^  Qaartz,  or 
rather  silica,  became  a  viscous  semifluid  at  1,600°,  and  was  com- 
l^etely  liquid  at  1,750°.  Above  the  latter  temperature  it  sublimes. 
For  seTeral  artificial  silicates,  correeponding  to  natural  minerals,  the 
following  melting  pointe  were  observed:  CaSiO,,  1,512°;  MgSiO,, 
1,565°;  FeSiO,,  1,500°  to  1,550°;  MnSiO,,  1,470°  to  1,500°;  IfetSiO^, 
below  1,900°;  Zn,SiO„  1,484°.  There  is  also  a  research  by  E. 
Dittler,*  in  Doelter's  laboratory,  in  which  the  work  of  Day  and  his 
colle^uee  is  critjcized,'  and  the  attempt  is  made  to  show  that  their 
melting  points  are  much  too  high.  For  example,  Dittler  gives  1,310° 
as  the  melting  point  of  artificM  anoithite,  and  1,200°  as  that  of  the 
natural  mineral.  What  Dittler  has  observed,  however,  seems  not  to 
be  the  melting  points  as  defined  by  Day,  bat  rathra-  temperatnree  at 
whidi  the  crystallized  substances  begin  to  show  transitions  iato  the 
very  viscous  amorphous  forms.  This  is  suggested  by  the  second 
paper  of  Bnm,  in  which  he  gives  the  following  determinationB: 
Artificial  anorthite  melts,  as  measured  by  a  calorimetric  method, 
between  1,544°  and  1,562°.  Japanese  anorthite  fused  at  1,490°, 
albite  at  1,259°,  ohvine  at  about  1,750°,  woUastonite  at  1,366°,  and 
the  hex^onal  calcium  metasilicate  at  1,515°.  In  the  glassy  state 
the  artificial  anorthite  begins  to  show  deformation  at  1,083°  to  1,1 10°, 
and  it  crystallizes  between  ^,210°  and  1,250°.  The  albite  ^ass 
softens  at  1,177°.  These  lower  temperatures  accord  fairly  with  ^ose 
detenoined  by  Cusack,  Doelter,  and  Ditder,  who  seem  to  have  ob- 
served them  rather  than  the  true  melting  points.  Other  discordances 
are  due  to  difiEerenccs  between  the  substances  examined,  for  natural 
minfflals  are  rarely  pure,  and  in  the  pyroxene-homblende-oUvine 
series  the  variations  due  to  isomorphism  are  very  lai^.  One  angite, 
for  example,  contains  much,  another  littie,  iron;  calcium  and  magne- 
sium also  vary  in  their  proportions,  and  so  on.  In  these  series,  gen- 
erally speaking,  the  melting  point  falls  as  the  percentage  of  iron 
increases.  The  presence  of  water  in  a  mineral  has  also  a  lowering 
effect  upon  tiie  melting  point,  and  this  impurity  is  not  often  entirely 
absent.  The  figures  given,  therefore,  do  not,  except  in  those  from 
the  Geophysical  Laboratory  and  in  one  or  two  other  cases,  refor  to 
ideally  pure  compounds,  but  to  the  natural  minerals  with  all  their 
defects  of  composition.  They  help  us  to  form  some  idea  of  the 
temperatures  which  govern  volcanic  phenomena,  but  we  can  not 
reason  upon  them  as  if  they  were  precise  and  definite.  They  also 
furnish  us  with  some  checks  that  we  can  use  in  studjdng  the  order  of 
formation  of  minerals  when  a  molten  lava  cools,  although  here  again 


I  Ztittda,  aaatf,  Chiimte,  vol.  S6, 1907,  p.  160. 

>  Idem,  vol.  W,  leil,  p.  2T3. 

•  For  argplf  UcrlUcfamsaM  D*r  and  Boenuui,  Am.  Jour.  Bd,  4th  sw.,  voL  31,  ISll,  p.  H 
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tlie  data  should  be  handled  witih  great  caution.  A  comparison  of  the 
different  figures  for  the  melting  point  of  the  same  mineral,  say  for 
leucite  or  olivine,  will  show  how  great  the  existing  uncertuntiee 
really  are.  Furthermore,  many  of  the  published  mdting  poiute  have 
no  real  significance.  Some  of  the  minerals  for  which  melting  points 
have  been  recorded  break  down  into  other  subatances  before  or  dming 
fusion,  a  fact  of  which  Brun  has  taken  notice  in  a  number  of  instances. 
The  micas,  for  example,  for  which  Doelter  gives  several  determina- 
tions, lose  water  and  are  transformed  into  other  silicates  or  mixtures 
of  Bihcatee,  \i^ose  precise  character  is  imknown.  Garnet,  when 
fused,  also  Bphts  up  into  two  or  more  compounds,  and  in  such  cases 
Uie  recorded  melting  points  are  meaningless. 

In  the  geological  interpretation  of  the  melting  points  there  is  one 
particularly  dangerous  source  of  error.  We  must  not  assume  that 
the  temperature  at  which  a  given  oxide  or  siUcate  melts  is  the  tem- 
perature at  whicb  a  mineral  of  the  same  composition  can  crystallize 
from  a  magma.  Many  substances  exist  in  more  than  one  modifies^ 
tion,  and  certain  forms,  which  oft^i  correspond  to  natural  minerals, 
are  developed  only  at  temperatures  far  below  the  apparent  points  of 
fusion.  Quartz,  for  example,  ceases  to  be  quartz  and  becomes  tridy- 
mite  long  before  it  fuses;  wollastonite  is  transformed  into  a  pseudo- 
hexagonal  substance  which  is  unknown  as  a  mineral  species,  and  the 
melting  point  of  magnesium  metasilicate,  under  ordinary  conditions, 
is  not  that  of  the  orthorhomblc  enstatite,  but  of  a  monoclinic  variety. 
In  these  instances,  which  will  be  taken  up  in  detail  in  the  next  chap- 
ter, the  transition  temperatures,  at  which  one  form  changes  to 
another,  aie  geologically  as  important  as  the  melting  points,  and 
perhaps  of  even  greater  value.  They  are  the  temperatures  above 
which  the  several  species  can  not  form,  and  th^efore  they  are  of  the 
utmost  aignifictmce.  Silica  crystallizes  as  quartz  only  below  800°; 
wollastonite  con  not  exist  above  1,190°;  and  so  the  formation  of 
either  mineral  in  a  rock  tells  us  something  of  the  conditions  under 
whidi  it  sohdified.  As  yet  the  data  of  this  class  are  imfortunately 
few,  but  their  number  is  likely  to  become  much  greater  within  the 
near  future.' 

For  the  direct  study  of  the  igneous  rocks  themselves,  the  available 
melting-point  measurements  are  very  few.  Mixtures,  such  as  rocks, 
unless  they  happen  to  be  eutectic,  have  no  distinct  melting  points, 
and  two  temperatures  at  least  should  be  determined  for  each  example. 
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Tlie  following  temperatures,  obserred  by  Doelter,*  will  serve  to 
illustrate  this  point: 

Mdting  poinf  (°C.)  of  varitma  ^gtuout  roett. 


Granite,  Predazzo 

MoQzonite,  Predazzo, 

Lava,  Veeuviua 

Lava,  Etna 

Basalt,  Remag«n 

Limbuigite 

I^onolite 

Nepheline  syenite. . , 


,  15(H,  180 

1,240 

,  115-1, 125 

1,190 

,  030-1.  oeo 

1,080-1.090 

982-970 

1,010-1,040 

992-1,020 

1,060-1,075 

i,oeo 

,040-1,060 

1,060-1,100 

According  to  A.  Bnm,*  the  basalt  from  Stromboli  begins  to  soften 
at  1,130°,  and  at  1,170°  it  becomes  pasty.  The  still  molten  rock  con- 
tains crystals  of  augite  wbose  melting  point  he  places  at  1,230°.  The 
temperature  at  whidi  the  basalt  solidified,  therefore,  cannot  exceed 
that  figure,  and  may  have  been  much  lower.  Similar  reasoning  has 
.  been  employed  by  C.  Doelter,'  based  upon  the  presence  of  leucite  in 
Vesuvian  lava.  Doelter,  however,  assigned  to  leucite  a  melting  point 
which  is  certainly  too  low,'  and  his  computations,  which  must  be 
revised,  need  not  be  considered  further.  All  we  can  now  say  with 
certainty  is  that  the  temperature  of  an  emerging  lava  must  be  above 
that  at  which  it  begins  to  solidify.  That  temperature  is  rarely,  if 
ever,  below  1,000°  C,  and  the  actual  temperature  not  long  before 
emission  may  be  hundreds,  perhaps  a  thousand,  degrees  higher.  The 
temperature  of  the  lava  pool  at  Kilauea,  as  determined  by  Day  and 
Shepherd,  was  almost  exactly  1,000°.  Lava  at  Torre  del  Greco,  says 
A.  Geikie,'  fused  the  sharp  edges  of  flints  and  decomposed  brass,  the 
copper  actually  crystallizing.  From  its  effect  on  flint,  it  would  seem 
that  its  temperature  could  hardly  be  below  1,600°,  at  which  point 
silica  softens.  If,  however,  the  apparent  fusion  was  due  to  a  solvent 
action  of  the  molten  lava,  the  argument  in  favor  of  a  high  tempera- 
ture breaks  down.  A  careful  study  of  the  conditions  under  which 
siUcates  have  been  sublimed  at  Vesuvius  might  shed  muck  light  on 
the  problem." 

1  Uln.  pet.  Ultl.,  tdL  21, 1903,  p.  13.  J.  A.  Dou£ta8  (Quart.  Joui.  Geol.  Sac.,  vdI.  83,  IHT,  p.  I4G),  hM 
also  mflda  a  number  of  similar  dfltBrmtnatlDDa,  and  has  maoAured  the  InrToose  of  voluma  irlilrb  idmeials 
exhibit  In  pusbigfiom  th«  arslalllnsto  tLeglSHr  phUM.  Such  an  burcase  I>  probabl;  the  nils,  tut  A. 
FlalscliBr  (Zeitschi.  Deutacb.  g«ol.  Oenll.,  vol. 67,1905. p. 201  (Ubnatab.];  vol.  W,I9a7,p.  133)hagafa<iirn 
that  molten  basalt  and  Hitne  Blags  axpand  OD  solldificBtiaa.    See  also  A.  Barker,  NatuiBl  history  of  %neo(u 

>  Arch.  scl.  phya.  nat.,  4th  mr.,  vol.  13, 1903,  p.  M7. 

•  SUiuagBb,  Alnd.  Wlan,  vol.  112, 1903,  p.fiSl. 

<  Sea  preceding  table  ol  melting  palate.    Preliminary  aiperhngnU  hy  A.  L.  Say  have  ihovn  that  the 
DKjting  piriDt  of  leucite  la  oerlatnly  above  1,100'. 
•Text-book  of  geology,  tthed.,  p.  3M. 

•  On  tampcTBturce  at  Etna  eee  O.  PJatanIa,  AttI  B,  accad.  Liace[,8er.  5,  vol.  21  (1),  tell,  p.49g.  TIm 
flgurea  obtained  and  thoee  cited  Irom  othen  ore  very  variable.  Voriallona  IQ  the  oompoaltlaD  ol  the  lava, 
■od  especially  In  ita  oontent  of  gases,  irlU  account  for  aome  of  the  di 
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INPLTJENCB   OP   WATER. 

So  far  the  measurements  cited  in  this  chapter  relate  to  dry  fusion 
or  to  the  ft^iou  of  minerals  containij^  only  insignificant  quantities 
of  hygroscopic  water.  Within  a  volcano,  apparently,  the  conditions 
are  quite  different,  and  there  the  presence  of  water  must  bo  taken 
into  account,  together  with  the  gases  which  are  so  powerfully  oper- 
ative in  producing  explosions.  The  magma,  before  eruption,  is  some- 
thing very  differ^t  from  the  smoothly  flowing  stream  of  lava,  for  it 
is  heavily  chained  with  aqueous  vapor  and  other  gases,  under  great 
pressure,  exactly  as  the  soda  water  in  an  ordinary  siphon  bottle  is 
loaded  with  carbon  dioxide.  When  the  pressure  is  released  the  gases 
escape  with  explosive  force,  carrying  the  hquid  matter  with  them.' 
In  the  eruption  of  a  volcano  this  process  produces  a  great  quantity 
of  fiery  spray,  which  eohdifies  in  the  form  of  volcanic  ash,  whi^ 
other  portions  of  the  foaming  surface  of  the  lava  cool  to  pumice. 
When  the  lava  stream  itself  appears  its  effervescence  has  largely 
ceased,  and  it  exhibits  the  ordinary  phenomena  of  a  cooling  liquid. 

The  condition  of  the  water  which  is  contained  within  a  magma  is 
perhaps  best  explained  by  certain  experiments  of  C.  Berus,*  who 
found  that  colloid  substances,  in  presence  of  solvents,  swell  up  enor^ 
mously,  and  that  at  high  temperatures  the  swollen  coagulum  passes 
into  a  clear  and  apparently  homogeneous  solution.  This  observation 
he  extended  to  mixtures  of  ordinary  soft  glass  and  water,  which  he 
heated  in  closed  steel  tubes  to  210°  C.  Under  these  conditions  210 
grams  of  glass  with  50  grams  of  water  formed  a  resinous  opalescent 
mass,  in  which  all  the  water  was  absorbed.  This  substance,  to  which 
Btmis  gave  the  name  of  "water  glass,"  when  heated  in  air,  swells 
up  enormously,  loses  water,  and  forms  a  true  pumice.  By  ordinary 
exposure  to  air  the  substance  slowly  disintegrates.  Salts  dksolved 
in  the  water  do  not  enter  the  glass,  which  acts  in  that  respect  hke  a 
semipermeable  membrane.  Hard  glasses  are  more  refractory;  but 
it  is  probable  that  at  the  temperatures  and  pressures  existing  within 
a  volcano,  all  of  the  sihcates  would  act  in  a  similar  way  and  give 
similar  solutions.  This  may  enable  us  to  form  some  notion  of  the 
unerupted  magma,  with  its  dissolved  gases,  and  the  changes  which 
it  undei^oes  when  the  pressure  upon  it  is  reheved.  One  effect  of  the 
water  would  be  to  reduce  the  temperature  at  which  fiquidity  could 
he  maintained.    An  obsidian,  in  presence  of  water,  was  found  by 

1  Tbls  comparisoo  ot  >  vdcana  with  a  bottle  or  soda  wat«i  or  cbainpBgn«  his  been  dDveLcfted  by  S, 
UermlflT,  Ha  Bsninefl  that  the  wstv  vaa  ortghully  occhided  or  combhifld  hi  the  rocks  and  when  the 
latter,  bj' dlspluement,  enbrDDgbtfiitotheTeEliHiorhlgh  tempenture,  their  Bqusoos  content  la  setfne 
am]  an  explceloi  becomes  pcsslble.  Bee  La  Natun,  toI.  30,  pt.  1,  1002,  p.  360.  Also  Jooi.  Washhi^taa 
Acad.  Bel.,  vol.  4,  igu,  p.  213. 

■Am.  Jdht.  ScL,4tti»r.,  voL  0,1900,  p.  101.  Tbaname  "water  glass,"  ii  used  by  Banu,[9QnrartuiUtt«, 
(or  It  alreadr  belmged  to  the  solnble  »ifc»Hna  alUcates  and  had  been  Id  eniTent  use  Ax  manf  fears. 
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Baru3  to  fuse  at  about  1,250°,  while  the  resulting  pumice  melted  at 
1,650°,  approximately.' 

MAOMATIC    SOLUTIONS. 

So  far  as  we  can  determine,  then,  the  magma,  previous  to  eruption, 
is  a  mass  of  rock-forming  matter,  in  a  state  of  fusion,  and  heavily 
chai^d  with  gasee  under  enormous  pressure.  To  what  extent  and 
how  its  temperature  may  vary  we  do  not  know,  but  the  pressure  must 
fluctuate  widely.  It  is  through  overcoming  pressure  that  eruptions 
become  possible.  Then  gases  and  water  are  largely  expelled,  and  a 
fluid  or  viscous  lava,  very  different  from  the  ordinal  magma,  remains. 
By  pressure,  furthermore,  the  temperature  needed  to  produce  com- 
plete fluidity  is  raised,  and  this  fact  is  emphasized  by  the  phenomena 
of  resorption.  A  mineral — like  quartz,  for  example — may  crystallize 
within  a  viscous  mf^;ma,  but  when  the  pressure  is  reduced  ita  temper- 
ature of  fusion  falls,  and  partial  or  complete  re-solution  may  take 
place.  These  partly  redissolved  minerals  are  familiar  objects  to  the 
petrologist.' 

Whether  the  magma  itself,  at  great  depths,  ia  homogeneous  or  not 
is  an  open  question,  but  it  is  not  emitted  homogeneously.  DiSereut 
lavas  issue,  not  only  from  neighboring  vents,  but  successively  from 
the  same  opening  during  a  series  of  eruptions.  To  determine  the 
cause  of  these  differences  is  one  of  the  great  problems  of  petrology, 
and  many  solutions  of  it  have  been  proposed,  discussed,  and  either 
abandoned  or  partly  accepted.  To  discuss  these  attempts  in  detul 
does  not  fall  within  the  scope  of  this  memoir,  but  the  evidence  upon 
which  they  rest,  so  far  aa  it  touches  chemistry,  must  be  briefly 
considered.* 

From  a  physicochemical  point  of  view,  a  molten  rock  is  to  be 
regarded  as  a  solution,  behaving  in  all  essential  particulars  exactly 
like  any  other  solution.  One  or  more  minerals  are  dissolved  in 
another,  as  salt  dissolves  in  water;  or,  better,  they  are  mutually 
dissolved,  like  a  mixture  of  water  and  alcohol.  We  can  not  really 
say  that  in  such  a.  mixture  one  substance  is  the  solvent  and  the  others 
are  the  solutes,  for  the  distinction  is  not  a  sound  one,  however  con- 

I  Compare  F.  Quthrle,  FbUoe.  Mag.,  Ilth5er.,T(ri.  lfl,lBSi,p.  UT,  on  tbs  change  tromobsliliui  to  pumloa 
by  eitiuslon  of  wster. 

■  Agiwd«x»mpleoCllignsixiitleaDl<dIviiielnabMB]tiBglTanb;C.  N.  Fmna,  Am.  lour.  SeL,«lh 
aet.,  vol.  29, 1310,  p.  230.  Tba  author  discusses  other  physlcadiainlcal  relatkos  of  a  basaltic  magma  at 
some  length. 

'  For  good  smnmarlas  co  magmatlc  dlflarentlatliBi,  see  I.  P.  Iddbgs,  Vbt  trigtn  oC  tgnaoos  rocks  BnlL 
Phllos.  6oc.  WBablngba,  toI.  12, 1892,  p.  fB;  W.  0.  BrOgger,  Die  ErupUvgestelne  des  KrlsUanlageblaM, 
pt  S,  ISBS,  p.  3M;  and  F.  Loewlnsm-Lnsing,  Compt.  rend.  VII  Cong.  gteL  tnlenut.,  IsaT,  p.  IDS.  Tbtm 
are  only  a  ttv  amoag  raanj  mamolis  dealhig  mtreor  less  [ullywllbtbe  subject.  Loowhisoa-LesBlDg^ 
paper  l3  rich  In  llt«catun  leferuicea.  Foe  a  crltlcbia  adverse  to  the  idea  at  magmatlc  dlffersntlatloa  sea 
y.  Fau[iui>,  Bull.  Soc.  mlQ.,  vol.2£,iea2,  p.3«).  Oniiia(maticdifleTeiiUatioaliiHBwalI,SMB.  JL  Dalj, 
Jour,  aealogy,  lol.  19, 1311,  p.  2S9. 
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venient  it  may  be  in  ordinary  cases.'  The  different  molten  eubstances 
dissolve  one  another,  and  if  there  are  any  limits  to  their  miscibility 
they  have  not  been  debennined.  I  speak  now,  of  course,  with  reter- 
ence  to  the  constituents  of  an  ordinary  fluid  lava,  and  these  are 
mostly  silicates — that  is,  metallic  salte. 

The  more  famihar  aqueous  solutions  of  salts  are  electjvlytes,  and 
in  them  the  compounds  are  behered  to  be  dissociated  into  tJieir  ions. 
This  difiaociation  is  complete  only  at  infinite  dilution;  in  concentrated 
solutions  it  is  partial,  and  in  a  saturated  solution  its  amount  may  be 
comparatively  small.  In  a  molten  magma  probably  all  of  these  con- 
ditions hold,  for  as  a  solution  it  is  dilute  with  respect  to  its  minor 
components,  but  highly  concentrated  as  r^ards  the  more  essential 
minerals.  As  a  solution  of  apatit«  or  rutile  it  may  be  very  weak; 
as  a  solution  of  quartz,  feldspar,  or  pyroxene,  very  strong.  It  is, 
however,  a  conductor  of  electricity,  and,  therefore,  if  the  analogy 
between  it  and  ordinary  solutions  is  valid,  it  is  at  least  partially 
ionized.  This  is  the  view  adopted  by  C.  Bams  and  J.  P.  Iddings,' 
who  studied  the  electrical  conductivity  of  three  molten  rocks,  for 
which  the  following  condensed  deactiptiona  may  be  cited  here; 

MeUxng  pomU  and  nitca  content  of  Ihret  igneotu  roekt. 


Baa&lt 

Honiblende-mica  porphyry.. 
Rhyolite 


48.49 
61.  EC 
75.50 


At  1,300°  the  basalt  was  quite  fluid,  but  at  1,700°  the  rhyoUte 
was  still  viscid,  and  yet  the  conductivity  increased  with  the  viscosity 
and  with  the  siUca,  in  spite  of  the  fact  that  silica  alone  is  probably 
an  insulator.  In  other  words,  the  fused  rocks  are  electrolytes,  and 
the  silicates  in  them  are  probably  more  or  less  dissociated  into  their 
ions.*  What  these  ions  are  we  do  not  yet  know;  but  their  ultimate 
identification  is  not  hopeless.  The  extent  of  the  ionization  is  also 
unknown,  but  its  existence  seems  to  be  established.     Furthermore, 

I  O.  S.  Becker  (Tveatr-fiist  Ann.  Rept.  U.  3.  Qeol.  Surrer,  pt.  3, 1901,  p.  SIB)  propoaes  to  r«g>nl  the 
10  fH^vfiute,  and  thfl  mliiimls  which  separtitB  froni  them  aa  the  aolntea.    This 
It  cao  not  be  lully  atlllud  until  ws  know  wbat  the  mtsctloi 

3  Am.  Jmr.  SoL,  8d  Mr.,  toL  H,  ISBl,  p.  143. 

■ThaoMxIitaiceinoerbklDnKtkeodtnttigonlstlc  mlnerola  Uka  quiuti  and  nuEnatile  ma;  be  ui  erldcmca 
ofdtasoclatkin.  Tbey  sbaald  react  to  [onn  a  sOlcata  ol  Iron,  but  wa  csn  readll;  Imagfaia  a  hlfbl;  vlscoui 
melt  BB  wUdifjing  so  lapldl;  that  all  of  tbe  Uma  are  onabte  to  And  their  prapa'  putneni.  The  free  oxUa 
thcrekre  appear  In  llie  aoUd  i»oduct.  I  oiler  Ibb  Qurel;  as  a  luggestlan.  H.  J.  lofaneloD-LaTle,  BulL 
Soc  belg<  eM.,  vol,  3S,  IVOS,  p.  IDS,  has  Btlrlbated  the  quartz  Id  a  psrtlculu-  hualt  to  Included  gneiss. 
Doeltar  (Sitiungab.  Aksd.  Wlen,  vt^  113, 1804,  p.  IM}  aso-IbeB  the  carl;  sepBratioii  at  oildn  and  slaml- 
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since  the  several  silicates  are  present  in  a  magma  in  different  decrees 
of  conceDtration,  they  must  be  differently  ionized,  and  some  of  them 
to  a  much  greater  extent  than  others. 

When  a  salt  dissolves  in  water  the  temperature  of  solidification 
is  changed.  Water,  for  example,  freezes  at  0°  C,  but  the  addition 
of  23.6  per  cent  of  sodium  chloride  to  it  reduces  the  melting  or 
solidifying  point  to  —22°.  This  depression  of  the  melting  point 
is  quite  a  general  phenomenou,  and  from  it,  by  formulie  which  need 
not  he  considered  here,  the  molecular  weight  of  the  dissolved  sub- 
stance can  be  calculated.  In  alloys  a  similar  change  can  be  observed, 
and  in  some  cases  it  is  very  striking;  the  well-known  fusible  alloys, 
for  instance,  melt  at  temperatures  below  the  boiling  point  of  water. 

An  igneous  rock,  so  far  as  our  data  now  go,  exhibits  the  same 
peculiarity,  and  becomes  fluid  at  temperatures  below  the  average 
melting  point  of  its  constituent  miaerals,  and  sometimes  lower  than 
the  lowest  among  the  latter.  Bodter's  figures,  as  cited  on  page  296, 
serve  to  illustrate  this  point,  although  the  depression  is  not  so  marked 
as  in  the  more  famihar  cases  just  mentioned.  The  experiments  by 
Michaela  Vu^nik*  and  Berta  Vukits,'  who  fused  together  minerals  of 
supposedly  known  melting  points  and  observed  those  of  the  mixtures, 
tell  the  same  story.  In  some  cases,  however,  the  interpretation  of 
the  observations  ia  compUcated  by  chemical  reactions,  which  pro- 
duced new  salts;  and  it  is  also  affected  by  the  liabifity  of  glasses- 
to  supercooling.  Attempts  to  compute  molecular  weights  from  the 
observed  depressions  gave  unsatisfactory  results,  and  led  to  no  defi- 
nite conclusions. 

N,  V.  Kultascheff's  investigations,'  although  not  rigorously  com- 
parable with  natural  phenomena,  point  in  the  same  direction.  Mix- 
tures of  Na,SiO,  and  CaSiO,  were  studied,  the  first  salt  melting  at 
1,007°  and  the  second  at  a  temperature  above  1,400°.*  A  mixture 
of  80  per  cent  of  the  sodium  salt  with  20  per  cent  of  the  calcium  com- 
poimd  fused  at  938°,  and  even  greater  depressions  were  produced  by 
additions  of  the  still  less  fusible  silica.  Upon  adding  only  6.5  per 
cent  of  sihca  to  the  sodium  silicate,  the  melting  point  was  reduced  to 
820°.  It  was  also  found  that  the  two  silicates  imited  to  form  at 
least  two  double  salts,  a  fact  which  compUcates  the  interpretation 
of  the  phenomena.* 

I  Ctutnlbl.  Mia.,  0«ot.  d.  Pol.,  IWI,  pp.  MB,  340,  3«4. 

■  Idem,  pp.  705,  739. 

■  Zeltfchr.  anoTg.  Chemle,  vol.  3S,  IMS,  p.  137. 
<l,MO'BCCordliiB(o  Alls)  and  White.    See  table  o[  mdUne  polDls,  p.  3BX 

•  A  slmCai  studs'  of  several  bliury  mixtures  ot  silicates  b  reported  b;  B,  C.  Wallace,  ZeKsdir.  tncxt. 
Cheinie,  vol.  83,  IBM,  p.  1.    The  mlituies  ai      ■     -  ■  ... 

■pond  to  n&tniBl  taluerals. 
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EUTECTICS. 

When  a  fused  rock,  or  mixture  of  similar  character,  solidifies,  it 
can  do  so  in  either  one  of  two  ways.  It  may  solidify  as  a  miit, 
forming  a  glass,  in  which  no  individualizatioD  of  its  constituents  can 
be  detected,  or  it  may  solidify  as  a  mass  of  crystalline  minerals,  each 
one  exhibiting  its  own  peculiarities.  Between  these  extremes  many 
intermediate  conditions,  due  to  partial  crystallization,  are  possible, 
ranging  from  glass  containing  a  few  crystals  to  a  crystalline  mass 
with  some  glassy  remainder  left  over — that  is,  both  processes  may 
go  on  in  the  some  cooling  magma,  and  both,  of  course,  incompletely. 
The  more  tIscous  the  lava  the  less  easily  its  materials  can  crystallize, 
and  hence  glasses  are  most  commonly  derived  from  magmas  rich  in 
silica.    Obsidian  has  essentially  the  composition  of  rhyohte. 

Let  us  now  consider  what  will  happen  when  a  solution  soUdifies  to 
a  crystalline  aggregate.  Take  for  example  a  solution  of  common 
salt  in  water,  which  freezes  at  —22°  C.  with  a  definite  proportion — 
namely,  23.6  per  cent — of  sodium  chloride  in  the  mixture.  Upon 
coolit^  such  a  solution.  If  less  than  that  proportion  of  salt  is  present, 
ice  will  crystallize  first,  but  when  the  indicated  concentration  and 
temperature  have  been  reached  Uie  entire  mass — salt  and  water — will 
solidify.  If,  on  the  other  hand,  salt  is  in  excess  of  23,6  per  cent,  its 
hydrate,  NaC3.2HjO,  will  first  appear  and  continue  to  be  deposited 
until  the  point  of  equilibrium  has  been  attained.  Then  the  same  mix- 
ture will  solidify  as  in  the  other  case.  This  minimum  temperature, 
with  its  definite,  corresponding  concentration  of  salt  and  water,  is 
known  as  the  eutectic  point,  and  at  that  point  the  solution  and  the 
solid  have  the  same  composition.'  Above  the  eutectic  point  either 
salt  or  water  may  crystallize  out,  that  substance  being  first  deposited 
which  is  in  excess  of  the  eutectic  ratio — the  ratio,  that  is,  of  23.6 
Nad  to  76.4  HjO.  In  the  freezing  of  sea  water  the  separation  of 
nearly  pure  ice  is  seen,  because  the  water  is  lai^ely  in  excess  of  the 
eutectic  proportions. 

When  two  salts  are  fused  together  and  allowed  to  sohdify,  the  same 
order  of  phenomena  appears,  provided  that  certain  conditions  are 
satisfied.  First,  the  fused  salts  must  be  miacible — that  is,  soluble  in 
one  another.  If  this  condition  is  not  fulfilled  the  melt  will  separate  • 
into  layeiB.  Secondly,  they  must  not  be  capable  of  acting  upon  each 
other  chemically,  for  in  that  case  new  compounds  are  produced. 
Finally,  they  should  not  be  isomorphous  salts,  for  then  no  eutectic 
mixture  is  possible.  The  feldspars  albite  and  anorthite,  for  example, 
crystallize  togther  in  all  proportions,  and  the  melting  points  of  the 

I F.  OuthilB  ReBrded  these  laUiia  mtetnrea  irtth  water  as  dsflnlte  compooads,  wbldi  be  termed  ajtiij- 
dnt«.  SeaPhlki>.I[ee.,  4thBei.,T(d.1S,lS7S,pp.l,aoe,aM;«tliaer.,Tol.l7,l«M,p.461.  Bes  alwM. 
Bolofl,  ZelUdir.  idiTsIkBl.  Chemie,  vol.  17,  lOB,  p.  33S. 
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mixed  crystals  form  a  series  witih  no  eutectic  depression.  This  differ- 
ence between  isomorphoua  and  eutectic  mixtures  is  fundamental 

Since,  now,  the  fusing  point  of  a  lava  generally  falls  below  the 
average  melting  point  of  its  constituent  minerals,  liie  for^^ing  con- 
siderations may  be  applied  to  its  investigation.  Some  of  its  compo- 
nents will  form  isomorphoua  mixtures,  but  a  part  of  it  will  represent 
eutectic  proportions  which  differ  with  the  varying  composition 
of  different  rocks.  In  each  case  the  substances  ^at  are  in  excess 
of  the  eutectic  ratios  are  likely  to  crystallize  £rst,  and  the  eutectic 
mixture  itself  wiU  probably  be  found  in  the  groundmass,  or  sohdi- 
fled  mother  liquor,  from  which  the  crystals  have  separated.  From 
Uiis  point  of  view  the  study  of  the  eutectics  becomes  fundamentally 
important  in  the  study  and  classification  of  igneous  rocks,  for  they 
chiefiy  determine  the  character  and  order  of  deposition  of  the  pheno- 
crysts.  There  are  doubdess  other  factors  in  the  problem,  but  this  one 
is  the  most  fundamental  and  diaracteristic.  So  far  none  of  the 
eutectics  in  question  have  been  positively  identified,  although 
various  attempts  to  indicate  them  are  on  record,  with  results  which 
may  or  may  not  be  venfied.  In  Kultascheff's  experiments  with 
sodium  and  calcium  sUicates  two  eutectic  points  were  noted,  which 
represented,  however,  not  a  single  natural  mixture,  but  a  series  of 
artificial  mixtures  wherein  both  of  the  original  compounds  and  two 
double  salts  took  part.  H.  O.  Hofman's  work '  on  artificial  slags, 
containing  iron  and  calcium  silicates,  abo  teUs  us  something  about 
possible  eutectic  points,  and  other  valuable  data  are  given  in  the 
memoir  by  A.  L.  Day  and  E.  S.  Shepherd '  on  the  compounds  of  lime 
and  sihca.  The  mixtures  studied  in  the  latter  investigation,  how- 
ever, do  not  correspond  to  any  known  natural  associations. 

F.  Guthrie,'  to  whom  the  expression  "eutectic"  is  due,  was  the  first 
to  point  out  the  apphcabihty  of  his  researches  to  the  study  of  igneous 
rocks,  and  of  late  years  his  suggestions  have  received  much  attention. 
J.  J.  H,  Teall  *  was  one  of  the  first  to  develop  the  subject,  and  he 
indicated  a  micropegmatite,  with  62.05  per  cent  of  feldspar  and  37.95 
per  cent  of  quartz,  as  a  possible  eutectic  mixture.  This  possibility  has 
been  discussed  by  several  writers,  and  especially  by  J.  H.  L.  Vogt,' 
who  regards  a  mixture  of  74.25  per  cent  of  orthoclase  with  25,75  per 
cent  of  quartz  as  the  true  eutectic  in  this  particular  instance,  and 
shows  that  it  is  very  close  to  the  average  microp^matite  in  composi- 

1  Tedmokcy  Quart.,  vol.  13,  ISOO,  p.  41. 

I  Am.  Jour.  Bel.,  1th  ser.,  vol.  23,  IDOS,  p.  365. 

>  Philos.  Uae-.iOi  ser.,  vol.  tV,  187!,  p.  20. 

•  Biitlah  Fetrogi^ilil',  18Sg,  pp.  3g&-tl8. 

•  Dk3UlkatacluDelillkuii«eii,pt.a,l«H,pp.ll3-m.  SbsbIk Vogt, Hbi. pet. Ultt.,Tol.»,l«M,p.UT; 
T<d.ie,lW6,p.3«l;Tal.lT,lW8,p.lWl.  A. C.  Lane,  JouT.aeology,vol.ia, 191)4, p.33.  B.E.lUbaasaaa, 
OeoL  FSfED.  FOchandl.,  Tcd.  37, 1906,  p.  U«i  and  A.  SygMn,  Bull.  Oed-lnat.  Upgals,  roL  7,19IH-S,p.  1. 
The  subject  ot  autactlca  Is  BlMlull;  dinonsd  In  HiAei's  Natnnl  hisbs;  ollgiwotu  rocks,  Mid  XUem^ 
Cbemkal  geolagj . 
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tion.  Thia  is  not  far  from  the  molecular  ratio  3AlESi,0g  :5SiO„ 
although  simple  molecular  ratios  can  not  necessarily  be  assumed  in 
eutectic  mixtures.  The  latter,  so  far  as  present  evidence  goes,  are 
not  definite  compoimds.  The  watei^alt  eutectic  is  not  a  hydrate,  but 
a  mixture  of  salt  and  ice,  which,  however,  happens  to  approximate 
rather  closely  in  composition  to  ^8(3+  10H,O. 

In  the  first  of  the  memoirs  just  cited,  which  is  ridi  in  data  relative 
to  the  physical  constants  of  molten  rocks,  minerals,  and  slags,  Vogt 
attempts  to  fix  the  composition  of  a  number  of  eutectic  mixtures. 
Some  of  them  are  as  follows,  the  figm^s  referring  to  percentages : 
68      diopaide  with  32  olivine. 

74  melilite  with  26  olivine. 
65      melilite  with  35  anorthite. 
40      dit^Mide  Tr'ith  60  ikenminite. 
74.25  anorthite  with  25.75  qutirtz. 

75  albito  with  25  quartz. 

The  last  two  ratios  are  practically  identical  with  the  orthoclase- 
quartz  ratio  as  given  above.  It  is,  however,  a  grave  question 
whether  in  a  starlet  sense  eutectics  of  feldspar  and  quartz  are  possible. 
Quartz  is  capable  of  formation  only  below  800°,  and  one  modifica- 
tion of  it  only  below  575°.  In  the  pegmatites  of  Maine,  as  described 
by  E.  S.  Bastia,'  the  quartz  is  often  of  the  low  temperature  variety, 
and  crystallization  was  further  modified  by  the  presence  of  gaseous 
or  vaporous  constituents  in  the  magma.  Fluid  inclusions  are  also 
common  in  the  quartz.  The  sohdification  of  these  pegmatites  was 
therefore  a  complex  process,  and  by  no  means  so  simple  as  the  theory 
of  eutectice  would  seem  to  demand,  A  foldspar-silica  eutectic,  on 
the  other  hand,  in  which  during  prolonged  cooling  a  gradual  develop- 
ment of  the  silica  as  quartz  occurred  may  be  conceivable.* 

The  entire  subject  of  eutectics,  in  reference  to  rock  formation,  is 
elaborately  discussed  by  Vogt,  who  considers  them  in  connection 
with  the  melting  points,  and  the  specific  and  latent  heats  of  the  com- 
ponent minerals.  These  data,  however,  are  more  or  less  crude,  and 
Wogt's  results  are  therefore  to  be  regarded  merely  as  first  approxima- 
tions to  tiie  solution  of  the  problems  proposed,  and  as  subject  to  very 
critical  revision.  Vogt  also  sought  to  determine  the  molecular 
weights  of  several  sihcates  from  the  observed  melting  point  depres- 
sions, and  concluded  that  tiiey  were  represented  by  their  simplest 
empirical  formulfe.  The  fused  minerals,  as  such,  exist  in  the  fluid 
magma,  although  they  are  puHy  subject  to  electrolytic  dissociation. 
The  latter  phenomenon  has  also  been  much  studied  by  Doelter.* 
The  essential  point  in  Vogt's  and  also  in  Doelter's  work  is  that  they 

>  lour.  Onlogr,  Td.  18, 1*10,  p.  W7.   Abo,  man  In  dttall,  tn  Sua  XI.  S.  Geol  Surrey  No.  MS ,  mi. 
•  r  II  flu  ocnditkns  loidar  wbJdl  gotrta  oon  lOrm  aw  th«  a«cUin  in  UuC  mlninl  te  tha  MiDwfng  duptv 
t  IfouOA.  OumJa,  mL  28,  lOOT,  p.  1313;  Sltnmgsb.  Akxd.  Wlm,  vol.  tlT,  1908,  pt  1 ;  Zeltaihr.  EUAo- 
dMmit,  1908,  p.  163. 
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attempt  to  apply  modem  physicochemical  methods  to  the  investiga- 
tioB  of  magmas,  and  whether  their  oonclusions  are  maintained  or  not 
they  are  at  least  suggestive. 

Up  to  this  point  we  have  considered  only  simple  cases  to  i^ch  the 
theory  of  eutectics  is  easily  apphed.  In  salt  and  water  we  hare 
merely  a  system  of  two  components,  and  the  examples  given  by  Vogt 
are  of  like  simphcity.  But  igneous  rocks  are,  as  a  rule,  much  more 
complex,  and  may  contain  from  tliree  to  many  component  nunerals- 
For  conditions  like  these  the  theoretical  treatment  is  as  yet  underel. 
oped,  although  the  researches  of  Van't  Hoff  on  the  Stassfurt  salts 
suggest,  with  their  digrams,  certain  analo^es  which  may  be  followed 
in  the  future.  The  laws  of  equihbrium  must  apply  to  all  possible 
cases  of  solution,  even  though  we  may  be  unable  as  yet  to  trace  the 
detfuls  of  their  working.  Just  as  the  Stassfurt  problem  is  compUcated 
by  the  deposition  of  hydrates  and  double  salts,  so  from  the  m^ma 
complex  silicates  can  form,  and  the  exact  conditions  under  which 
each  may  develop  are  so  ftu"  only  partially  determined.  The  diffi- 
culties that  confront  us  here  are  well  pointed  out  by  Roozeboom  •  in 
his  great  work  on  the  phase  rule,  where  he  calls  attention  to  the  fact 
that  an  igneous  rock  represents  many  components  and  many  sohd 
phases.  Some  of  the  latter  are  definite  compounds,  and  some  are 
mixed  crystals  from  isomorphous  series.  If  the  cooling  of  the  magma 
has  been  too  rapid,  supotsaturation  may  have  occurred,  with  a  change 
in  the  order  of  deposition  of  the  minerals  and  the  formation  of  some 
imdifFerentiated  glass  base.  Furthermore,  lava  rising  from  a  great 
depth  undei^oes  a  change  of  pressure,  which  modifies  the  relative 
solubility  of  its  components  and  alters  the  position  of  the  eutectic 
point. 

SEPARATION   OF   MINERALS. 

It  is  evident,  from  what  has  been  swd,  that  no  univeraal  concrete 
rule  can  be  laid  down  to  determine  the  order  in  which  the  different 
minerals  will  separate  from  a  cooling  mi^^a.  The  broad,  general 
principles  are  dear  enough,  but  their  application  to  the  problem 
under  consideration  is  an  affair  of  the  future.  For  the  present, 
therefore,  we  must  depend  upon  accurate  observations  and  experi- 
ments, and  in  that  way  accumidato  data  for  theory  to  work  upon. 
The  much-cited  phase  rule,  with  its  digrams,  gives  us  a  mathe- 
matical method  of  dealing  with  our  facts,  but  it  is  inoperative  with- 
out them.  When  accurate  numerical  data  have  been  obtained,  then 
the  rule  will  become  applicable  to  the  relatively  simpler  cases;   but 

>H.  W.  Boklmia  Roouboom,  Di»  hsUrcigaien  Glalchgswieltts  vom  Staudpuiiklv  d«  Phusenlehra, 
VOL  2,  Btaunsdivelg,  1904,  pp.  240  M  seq.  Fcr  a  slmida  spplkstlm  ol  a  iibase-mJa  iHagraTn  to  a  sTsMni 
of  two  oompciKnts  see  W,  UeyertioOw,  ZelUchr.  Kryst.  Uln,,  vol.  38, 1902,  p.  Sfl2.  T.  T.  Read  (Eocn. 
OM)l<igT,v01. 1,  IMS,  p.  101)  baa  discussed  Ihcappllcatiim  of  the  phuerula  to  the  study  at  msgniaa,  bot 
bb  suggcstlmu  bave  b«cu  crltkiud  by  A.  L,  Day  and  £.  6.  Sbapbail  (Idam,  p.  3S6).  C.  Doolttr  (lUn. 
pM.  Ultt,  ToL  3S,  1907,  p.  79)  tus  itudlod  wbat  ha  oajb  tba  "atablUty  fleldg"  of  ctrtala  mtaunli. 
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anything  more  complex  tlian  a  four-component  system  is  likely  to 
be  unmanageable.  At  present,  however,  we  can  see  some  of  the  con- 
ditions which  are  inTolved  in  the  general  problem.  First,  the  entire 
composition  of  the  magma  must  be  taken  into  account,  together 
with  the  pressure  under  which  it  soKdifies.  An  ordinary  lava, 
cooling  on  the  surface  of  the  earth,  wiU  behave  very  differently 
hom  similar  material  which  solidifies  at  a  great  depth  to  form  a 
laccolith  or  batholiUi.  In  the  latter  case  its  gaseous  contents  are  not 
so  completely  lost,  and  they,  espedally  the  water  vapor,  play  an 
important  part  in  determining  the  order  of  mineral  deposition.  The 
retention,  under  pressure,  of  boric  acid  and  fluorine  will  cause  the 
formation  of  compounds  which  do  not  appear  in  surface  eruptions, 
and  sudl  minerals  as  tourmaline  and  the  micas  become  possible. 

If  in  any  given  case  we  regard  the  eutectic  mixture  as  the  solvent, 
the  minerals  that  are  in  excess  of  its  ratios  will  be  the  first  to 
crystallize.  Their  order  of  deposition  will  then  depend  upon  three 
essential  conditions — namdy,  their  relative  abundance,'  their  solu- 
bility in  the  eutectic,  and  their  points  of  fusion.  Other  things  being 
equal,  the  less  soluble  and  less  fusible  substances  will  be  formed 
earliest.  With  an  excess  of  alumina,  corundum  and  spinel  may 
form,  and  as  a  general  rule  the  so-called  accessory  minerals,  the 
more  trivial  constituents  of  a  rock,  are  among  the  first  separations. 
Apatite,  sulphides,  and  the  titanium  minerals  belong  in  this  class. 
Although  the  sulphides  are  more  easily  fusible  than  the  siUcates, 
their  insolubility  in  a  sihcate  magma  causes  their  early  precipitation. 
According  to  J.  H.  L.  Vogt,'  the  sulphides  are  much  more  soluble 
in  very  hot  magmas  than  they  are  at  lower  temperatures,  and  this 
order  of  difference  is  one  which  should  be  taken  into  account.  Solu- 
bility varies  with  temperature,  and  differently  with  different  sub- 
stances. It  also  varies  with  the  solvent,  and  J.  Morozowicz'  has 
^own  that  alumosihcates  rich  in  soda  dissolve  alumina  much  more 
freely  than  the  corresponding  potash  compounds,  in  which  it  is  little 
soluble,  if  at  all.  So  also  the  sulphides,  as  Vogt  has  pointed  out,  are 
more  soluble  in  femic  magmas  than  in  thesahc  varieties.  They  are 
consequently  more  abundant  in  basalts  and  diabases  than  they  are 
in  quartz  porphyry  or  rhyolite.  We  have  here,  apparently,  a  case 
of  limited  miscibiUty  between  fused  sulphides  and  fused  silicatesj 
while  on  the  other  lumd  the  siUcates  themselves  seem  to  be  miscible 
in  all  proportions.    At  least,  in  the  latter  case,  no  limitation  has 

1  T.  iMtwioam-ljtMiaf  (Compt.  rebd.  Vn  CtOK.  e«al.  InUnutt,  1W7,  pp.  3E>-353)  hu  called  att«nlioii 
to  Uia  fact  that  ralatlva  abundanc*  1<  riindBni«ntaU;  ImpsrDuit;  that  is,  slUea  will  dlvlda  Itadr  among 
ttn  several  baiKS  In  aoccudanoe  irlth  tha  law  of  masi  sMIod;  or.  En  otha-  worda,  that  law  wiD  datvmlna 
Itbat  aIUcat«H  can  form.    Its  d«tall«d  application,  however,  la  perhaps  not  pf 

■  Dla  Blllkatachmalilfleaiigai,  pt  1, 1KB,  pp.  »e-101. 

)  Uta,  pet.  Ifltt,  vol.  IS,  188S-W,  pp.  Ge,  G7. 

97270°— Bull.  618—16 20 
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been  observed,  except  in  so  far  as  chemical  reactivity  renders  the 
mutual  presence  of  certun  species  impossible.  In  an  actual  magma 
these  incompatibiUties  do  not  exist,  nor  do  they  become  evident 
when  we  fuse  together  several  oxides  to  form  an  artificial  melt. 
When,  however,  we  fuse  mixttu*es  of  minerals,  as  in  the  researches  of 
J.  Lenarfiifi,'  M.  Vu£nik,'  and  B.  Vukits  *  the  limitations  of  this  class 
become  evident.  For  instance,  when  magnetite  is  fused  with  labra- 
dorite  it  is  absorbed,  and  upon  cooling  the  melt,  augite  crystals 
appear.  With  magnetite  and  snorthite,  hercynite  may  be  formed; 
leucite  and  acmite  give  magnetite,  leucite,  and  ^ass;  and  so  on. 
Again,  leucite  and  nephelite  ai%  incompatible  with  quartz,  which 
converts  them  into  feldspars;  and  a  multitude  of  such  conditions 
help  to  determine  what  compounds  shall  crystallize  from  any  given 
magma.  In  a  magma  of  defined  composition  certain  compounds 
are  capable  of  formation,  others  are  not;  and  these  limitations  are 
imperative.  In  the  next  chapter,  upon  rock-forming  minerals,  they 
will  be  considered  more  in  detail. 

In  ordinary  solutions  two  substances  having  an  ion  in  common 
diminish  the  solubihty  of  each  other.  How  far  this  rule  may  apply 
to  magmas  is  uncertain,  and  especially  so  because  of  our  ignorance 
as  to  what  the  ions  actually  are.*  Still  we  may  assume  that  ohvine, 
l^^iO,,  and  enstatite,  MgSiO,,  have  magnesium  ions  in  common, 
and  with  them  the  rule  ought  to  work.'  Each  should  be  less  soluble 
in  presence  of  the  other  than  it  is  when  present  alone,  and  the  same 
condition  ought  to  hold  for  the  two  potassium  salts  leucite  and  ortho- 
clase,  or  the  sodium  couple  albite  and  nepheline.  With  mixtiu'es  of 
several  possible  silicates  tiie  rule  is  more  difficult  to  apply,  for  then 
complex  ions  are  likely  to  form.  For  instance,  in  a  magma  capable 
of  yielding  ohvine,  enstatite,  albite,  and  anorthite  the  ions  may  be 
Mg,  Ca,  Na,  SiO„  SiO*.  AlSiO*.  and  AlSi,Og.  Even  in  such  a  case, 
which  is  purely  hypothetical,  two  of  the  supposed  minerals  have  an 
ion  in  common,  and  ohvine  and  enstatite  should  be  the  first  to  sepa- 
rate. Here  we  have  a  su^estion  of  what  really  happens  in  a  vast 
number  of  cases,  possibly  in  a  large  majority  of  cooling  magmas. 
The  order  in  which  the  minerals  are  deposited  is  essentially  that 

1  Cmtnlbl.  Uln.,  OmI.  a.  Pal.,  !«»,  pp.  TIB,  7U. 

■  Idam,  1904,  pp.  Mi,  3W,  3U:  1«M,  p.  132. 

>  Idam,  tlM,  pp.  7M,  T3ft.  B«a  aba  miHnalrg  by  B.  K.  ScbmuU.Naues  Jthtb.,lB9T,  Buidl,p.  IH;  K. 
Bautr,  Idam,  BaU.  Band  lI,p.63S,I8N:  E.r«trtach,ld«a,  Bea.BandlT.p.  4ag,lW3:  H.  H.  Ktlta-,  1dm, 
Btf.  Buid  31,  p.  1«3,  lft»i  R.  Frals,  Idem,  BeiL  BandSS,  p.  43,  IKn;  V.  PEbcU,  Caitnlbl.  Uin.,  OmL  n.  F*L, 
1«0«,  p.  E7I;  Uln.  p«t.  Mitt,  vol.  36,  IflOS,  p.  413;  E.  Schlatmet,  Ntote  labrb.,  igos.  Band  3,  p.  1;  V.Urbaa, 
ld<ai,Ball.Baiid,Tol.I5,llll»,p.  3SI:U.  Hanln,  ldRn,l»IO,p.  I;  V«ra  Hammcrle,  Idm,  BaO.  Band,  voL 
3>,  IfllD,  p.  TM;  and  H.  AndiBHr,  Idem,  BeD.  Band,  Tol.  30,  IBia,  p.  4S7. 

•  For  a  dbnudan  of  tbb  rabject  in  ereaUr  datail  sea  J.  H.  L.  Voct,  lUo.  pet  Wtt,  voL  37,  ItOB,  p.  US. 

t  This  example  li  pa-baps  not  perfect,  lot  N.  !>.  BoweDCAm.  Jour.  BcL,  Itb  s(r.,  v<^  37,  l(ll4,  p.  487}  baa 
■hovti  tliat  eoBlatlto  on  tudon  break)  up  Into  tonterlte  and  free  slUca.   Still,  it  Mrres  to  Uluitnta  the 
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laid  down  by  H.  Rosenbusch,'  namely,  ores  and  oxides  first,  then 
tiie  ferromagnesian  minerals,  then  ihe  feldspars,  and  finally,  if  an 
excess  of  sihca  is  present,  quartz.  The  rule,  however,  is  not  and  can 
not  be  unlTersal,  and  to  it  tiiere  are  many  exceptions.  Its  common 
validity  must  be  ascribed  to  the  fact  that  most  igneous  rocks  are 
formed  from  relatively  few  components,  with  a  correspondingly  mod- 
erate number  of  possibilities.  So  far  as  they  are  of  the  seme  general 
nature  they  consohdate  most  commonly  in  the  same  general  way. 

To  a  limited  d^ree  minerals  are  deposited  from  a  magma  in  the 
reverse  order  of  their  fusibility,  the  more  infusible  first;  but  the  rule, 
as  we  have  seen,  is  by  no  means  general.  In  certain  cases,  however, 
it  holds,  especially  in  the  formation  of  the  successive  members  of  an 
isomorphous  series.  Flagioclase  feldspars,  for  example,  often  exhibit 
a  zonal  structure,  with  the  less  fusible  lime  salts  concentrated  at  the 
crystalline  centers,  and  the  more  fusible  soda  salts  proportionally 
more  abundant  around  theu:  outer  surfaces.  The  order  of  fusibihty 
seems  to  be  rather  a  minor  factor  in  tiie  process  of  mineral  formation 
during  magmatic  cooling.  The  early  crystallization  of  leucite  and 
olivine  may  be  due  either  to  th«r  relative  infusibility,  to  their  insolu- 
bility in  the  remainder  of  the  magma,  or,  as  Doelter  *  supposes,  to 
their  supbrior  stabihty  at  high  temperatures.  Viscosity,  supersatu- 
ratJon,  undo'cooling,  and  rate  of  cooling  all  play  their  respective  -ptais 
in  the  sohdification  of  a  magma,  and  the  interpretation  of  the  evidence 
in  any  particular  instance  is  not  a  simple  matter.* 

DIFFERENTIATION. 

The  question  whether  there  is,  within  the  earth,  a  single,  sensibly 
homogeneous  magma  is  one  that  concerns  geology  but  does  not 
seem  to  be  directly  approachable  throu^  chemical  evidence.  If, 
however,  we  consider  the  problem  locally  with  reference  to  effusions 
from  one  definite  volcanic  center,  the  chemist  may  have  something 
to  say.  Even  here  the  discussion  must  be  mainly  physical,  but  chem- 
ical principles  are  also  involved  in  its  settlement,  for  the  reason  that 
chemical  differences  characterize  the  lavas,  and  they  demand  con- 
sideration. 


■  Sttnapb.  K.  Akad.  Win.  Wl<n,  vol.  113,  IKH,  p.  4Bfi.  Doa)l«r  glvH  many  data  on  the  Mparatlon  ot 
mlnarals  during  th«  ooollngof  m«ltfl  of  known  compogttlon.    The  dUTBmnt  spccln  va«  Out  rEUKLtofethEr. 

■  Tba  bnportanca  ot  discriminating  bstwesn  the  fosEbHity  ot  a  mlnvkl  and  ft!  solnblltty  In  a  msgma 
ta  strongly  amphaslud  b;  A.  LBgorlo,  In  ZttUeta.  Eryst.  Ifln,,  toI.  21, 189S,  p.  SSS.  tltn«nls  may  dls- 
■olTa  at  Mqwsttma  tar  bclinr  tbalr  ""mne  polnti,  )(ut  as  salt  tUssotres  Id  vat<i.   It  b  abo  necessary 

en  sfanple  sokiUaii  and  cbamlcal  rcocttrlty.  In  the  one  prooas  a  body  dlraolvea 
m  Bolutlail  wtthoot  change.  Id  tba  otlia'  It  dlnolvea  becwiaa  at  nactloas  witb  tbg 
■etrent.and  nnr  oompodiidg  are  gvotratad.  In  ettlMr  proecas,  however,  a  aohitloii  may  beooma  saturated, 
and  Uuo  He  solvent  tt^lon  oeasca.  OnTtaooattyasrelatadto  dMrnkaloonvoeltlMitn  •OloatalosloiuH* 
K.  Orsbis,  Imag.  Dlea.,  lena,  UOT. 
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It  is  now  a  commonplace  of  petrology  that  within  a  g^venarea 
tiiere  may  be  a  variety  of  igneous  rocks  exhibiting  a  relationship  to 
one  another  and  indicating,  by  their  mode  of  occurrence,  that  they 
had  a  common  ori^.  To  what  is  this  "consanguinity,"  as  Iddings 
calls  it,  duei  If  the  lavas,  which  may  differ  widely,  came  from  one 
and  the  same  fissure  or  crater,  how  were  their  differences  brought 
about !  To  this  question  there  have  been  many  answers,  but  its  dis- 
cussion still  continues  voluminously,  and  the  last  word  is  not  yet 
stud.  If  distinct  mc^mas  exist,  which  are  ejected  sometimes  sepa- 
rately and  sometimes  commingling,  the  problem  becomes  apparently 
simple,  and  this  method  of  solution  has  been  repeatedly  proposed. 
Bunsen  assiuned  the  existence  of  two  such  magmas,  the  normal 
pyroxenic  and  the  normal  trachytic,  and  Dm-ocher  has  put  iarih 
similar  views.  Other  petrologiste  have  thought  that  there  are  more 
than  two  fundamental  magmas,  but  such  a  multiphcatlon  of  assump- 
tions can  only  end  in  confusion.  The  conception  is  simple  enough, 
but  its  apphcation  to  observed  phenomena  is  quite  the  reverse.  With 
this  phase  of  the  question  chemistry  has  little  to  do.  The  prevalent 
modem  opinion  favors  the  idea  that  at  each  specified  locality  there  is 
one  eeaentially  homt^neous  magma,  from  which,  by  some  process 
of  differentiation,  the  various  rock  species  of  the  region  have  been 
derived.  Under  what  conditions  and  by  what  processes  can  such 
a  differentiation  be  produced^  Upon  this  problem,  presented  in 
this  form,  physical  chemistry  has  some  suggestions  to  offer,  regardless 
of  the  antecedent  assumptions  or  of  the  geological  evidence  upon 
which  it  is  based.^ 

It  is  not  necessary  for  ua  now  to  consider  the  historical  aspect  of 
the  discussion,  for  tliat  has  been  weU  done  by  several  other  writers. 
J.  P.  Iddings,  especially,  in  his  memoir  upon  the  origin  of  igneous 
rocks,*  and  more  recently  W.  C.  Br6^er '  and  F.  Loewinson-Lees- 
ing '  have  done  full  justice  to  this  side  of  the  question.  We  need 
only  take  up  broadly  the  hypotheses  which  have  been  suggested  in 
order  to  explain  the  observed  differentiation  and  examine  them  as  to 
their  validity.  An  exhaustive  discussion  of  details  is  out  of  the 
question. 

Although  R.  W.  Bunsen  was  the  first  to  show  that  a  magma  is  really 
a  solution,  little  attention  was  paid  to  this  consideration  until  A.  La- 
gorio,'  in  1887,  published  his  famous  memoir  on  the  nature  of  the 

iBaiker,  In  bb  Natural  blatocy  o[  Igneous  rocks,  devoUs  aehqiUr  to  "hybrldimi''— tbat  la,  to  roAi 

Elsden,  In  bb  Chamlcal  geology ,  also  dlaotasaa  the  ganaal  imbkim  at  some  lengtli. 
■  Bull.  PhllDs.  Sod,  WosUogton,  toL  12,  ISS2,  p.  B». 
>  Die  ErupUrgCHtslne  dca  Kiiatianlagebietes,  pt.  3, 1898.  pp.  ZTS  at  seq. 
•  Compt.  rand.  VH  Cong,  g^l-  Internal.,  1BS7,  p.  308. 
•lUii.pet.Jfltt.,vaL8,lSS7,  p.421.   This  mtowfa  ia  tlcb  In  rtflnDcea  to  lormtc  Utanton. 
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"glass  base"  or  groundmass.  In  developing  his  fmulajuentsl  con- 
ception Lagoiio  called  attention  to  "Soret'a  principle,"  which  asserts 
that  wlien  two  parts  of  the  same  solution  are  at  different  temperatures 
there  will  be  a  concentration  of  the  dissolved  substance  in  ihe  cooler 
portion.  Through  the  operation  of  this  process,  namely,  unequal 
cooling,  it  was  thought  that  a  homogeneous  molten  mass  might  be- 
come hetert^eneouB,  the  substances  with  which  a  magma  was  most 
nearly  saturated  tending  to  accumulate  at  the  cooler  points,  leaving 
the  warmer  portions  with  an  excess  of  the  solvent  material.  This 
view  was  speedily  adopted  by  many  petrographers,  but  objections 
to  it  were  soon  found,  and  it  is  now  generally  abandoned.  Q.  F. 
Becker  >  showed  tJxat  to  produce  the  observed  phenomenon  in  so 
viscous  a  medium  as  molten  lava  by  such  a  process  of  molecular 
diffusion  would  require  almost  unlimited  time;  and  H.  B&ckstrdm ' 
pointed  out  that  although  the  operatioa  of  Soret's  principle  might 
cause  changes  in  the  absolute  concentration,  it  could  no  more  alter 
the  relaiive  proportions  of  the  dissolved  substances  than  it  could  in 
a  mixture  of  gases. 

Another  process  which  surely  plays  some  part,  great  or  small,  in 
the  differentiation  of  magmas  is  the  solution  of  foreign  material.  The 
molten  lava,  as  it  rises  from  the  depths  to  the  surface  of  the  earth,  is 
inclosed  between  walls  of  rock  upon  which  it  exerts  a  solvent  action. 
This  action  may  be  very  slight  or  it  may  be  important;  and  its  extent 
will  depend  on  the  character  of  the  magma,  the  character  of  the  rock 
with  which  it  is  in  contact,  the  temperature,  and  the  pressure.  Not 
one  of  these  factora  can  be  set  aside  as  negligible.  The  absorbed 
rock  may  be  either  igneous  or  sedimentary;  the  effect  produced  upon 
it  nkay  be  limited  to  a  thin  contact  zone  or  it  may  permeate  large 
masses  of  material;  and  no  gen^*al  rule  governs  the  process  entirely. 
The  wall  rock  varies  in  solubility  with  respect  to  the  magma,  and 
this  condition,  modified  as  it  must  be  by  variations  in  temperature, 
is  of  prime  importance.  If  a  magma  is  saturated  with  respect  to  the 
substances  contained  in  its  walls,  its  solvent  action  will  be  slight;  if 
unsaturated,  its  activity  must  be  greater.  A  basaltic  magma  should 
take  up  silica;  a  sihceous  magma  might  absorb  bases.  For  example, 
blocks  of  limestone,  more  or  less  altered  by  contact  with  the  molten 
magma,  are  ejected  from  some  volcanoes,  and  may  be  found  embedded 
in  the  solidified  lavas.  In  extreme  cases  they  may  disappear  en- 
tirely, leaving  a  local  enrichment  in  lime  salts  as  evidence  of  their 
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former  nature.*  This  general  process,  this  assimilation  of  extraneous 
material,  is  given  much  weight  bj  Johnston-Lavis  and  Loewinson- 
Lessing  in  their  discussioos  of  magmatic  differentiation;  but  its 
efFectiveness  ia  by  no  means  nniTersally  admitted.  R.  A.  Daly,'  a 
recent  advocate  of  the  assimilation  theory,  has  sou^t  to  explain  the 
mechanism  of  igneous  intrusions  by  a  process  which  he  calls  "mag- 
matic  atoping."  He  supposes  that  a  bathoUthic  magma  eats  its  way 
up  by  solvent  action  on  the  invaded  rocks.  Blocks  of  the  latter, 
loosened  by  this  process,  sink  into  the  fluid  mass  and  are  gradually 
dissolved.  Thus  the  composition  of  the  magma  is  altered.  Daly 
also  argues  in  favor  of  the  view  that  such  a  magma,  by  "gravitative 
adjustment,"  wiU  septate  into  layers,  the  denser  submagma  below, 
the  lighter  above.  The  latter  conception  is  not  new,  and  has  had 
numy  supporters. 

The  hypothesis  advanced  by  A.  Ifichel-Lfivy*  tiiat  differ^itiation 
is  brought  about  chiefly  by  a  circulation  at  high  temperatures  and 
under  great  pressures  of  the  eo-called  "fluides  minertdisateurs" — that 
'  is,  of  water  and  the  other  vapors  or  gaseous  contents  of  the  magnut — 
is  one  which  deserves  serious  consideration.  These  agents  are  sup- 
posed to  entangle  certain  other  constituents,  the  lighter  substances  of 
the  magma,  and  to  concentrate  them  in  the  upper  layers  of  the  fused 
mass.  Silica  and  the  feldspatbic  minerals  would  thus  accumulate 
near  the  top  of  a  volcanic  reservoir,  leaving  the  ferromagnesian  miner- 
als in  greater  proportion  at  the  bottom— an  order  corresponding  with 
a  common  order  of  ejectment  during  eruptions.  This  order,  how- 
ever, is  not  invariable,  and  in  Great  Britain,  according  to  A.  Qeikie,* 
it  was  generally  reversed.  There  the  femic  rocks  represent  the  earli- 
est outflows  and  the  salic  rocks  came  later.  A  progressive  enrich- 
ment in  silica  took  place,  instead  of  the  impoverishmfflit  that  Michel- 
Levy's  process  would  imply.    In  the  Yellowstone  Park,  according  to 

1  Bee,  lor  axample,  E.  1.  JolmitoD-LaTls,  The  «)ect«d  blocki  at  Uont«  Sonuna:  Tnun.  E^dlnbnr^  OtoL 
Boc.,  Tol.  e,  18S2-e3,  p.  314.  Also  b  papv  In  Natonl  Bdence,  toI.  4,  ISM,  p.  U4.  F.  Loevfnxm-Lerabit 
(lac.  dt.)  givea  mac;  other  nhmaeea  to  Utetatora  oa  this  nibject.  For  eipeclmeiital  data  on  the  8ahi- 
UUty  at  corundum,  emery,  stiiliLluslte,  k7anlt«,  kaolin,  pTrophylUto,  leudla,  and  qusiti  In  magniM,  «e* 
A.  Laeorlo  (Zell«chr,  Ejyst.  Uin.,  vol.  24,  laK.p.  2SB);  alaoC.  Doelter  and  E.  Homak  (Naoaalahib.,  194, 
Baod  1,  p,  IS),  who  operated  □□  ollTlne,  p7roieiw,liomblende,lriotlla,  Mdspan,  quarti,  garnet,  lollte,  and 
ihnm  In  much  the  aaiuB  va;.  Hov  tar  these  eiperlmanta,  conducted  ou  imall  samples  durlnf  dtcrt 
timet,  can  be  uied  to  illustrate  natural  pbeDcmaDali  doubthd,  but  ttwf  do  give  soma  InformaUm  olTaluB. 
OnUie  absorption  otllmeabmebriraiille  see  A.  Lacnli.Compt.  Rend.,  vol.  U3,  IMS,  p.  UQl. 

■  Am.  Jam,  Sei.,  41h  aw.,  vol.  19, 1903,  p.  Mi;  vol.  10,  ie03,  p.  107;  voL  20, 1906,  p.  1S5;  vol,  K,  1908,  p.  17, 
and  In  the  Rosenbusch  "Festsctuilt,"  1906,  p.  203,  See  &1»  Bull,  IT.  B.  Goal.  Burver  No.  vm,  IKB,  p.  IH, 
an  ttie  rocks  of  Mount  AscuDier.  A  dlscuadon  of  Daly's  views,  malnl;  advarse,  at  a  meetlnt  of  tbe  Oeo- 
loglcal Booietr of WashInKU>n,lsrepratadlu Science, vol. 21, lD07,p. 621,  J.H.L.VogHDIefifHlfatichniah- 
UsuuKtn.pt.  2, 1904,p.  226)  regards  the  sesbnllallon  theory  as  quite  untenable.  Daly's  views  have  bean 
BOG^ted  by  I.  BureU,  Frof.  Paper  U,  8.  OeoL  Survey  No.  67,  1907,  pp.  1&6-166;  £.  C.  Andrews,  Reo. 
Oeol.fiurveyNawBouth  Wales,  vdLS,  1906, p.  12fi;  and  A.P.Coleman,  Jour,  Geology,  vol.  IE,  1907,  p.  TT3, 

fl.imagn,.lh.a..linnatlnntnlh«jt.<lfniw<»f.>.rmiW  I    Mtll«r,  Bull    ll«nl  SoK    Amnrlra,  vnl  M,r  ■>^3,^aU. 

■  BolL  Boo.  g«oL  France,  3d  ser.,  vol.  26,  ISST,  p.  367. 

•  Tbe  ancient  volcanoes  of  Onat  Britain,  vol,  2,  I8B7,  p.  477. 
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J.  P.  IddingB,*  lavas  of  medhnu  composition  were  emitted  first,  and 
tile  diSerentialion  "was  a  splitting  up  of  the  magma  into  femic  and 
salic  portion.  The  sequence  of  lavas,  tiien,  appears  to  have  been 
different  in  different  regiona,  and  the  iir^fularities  remain  to  be 
explained.  Apart  from  this  digression,  however,  the  suggestions  of 
BGchel-L^vy  should  be  borne  in  mind.  The  magmatic  vapors  most 
exert  an  important  influence  upon  the  process  of  differentiation,  for 
they  tend  to  accumulate  in  the  upper  part  of  a  lava  column  or  reser- 
voir and  to  modify  its  properties  locaUy.  It  is  quite  possible  that 
they  may  bring  to  tiie  top  some  of  the  more  easily  sublimable  oxides 
or  sihcates,  together  with  decomposable  fluorides  and  chlorides,  and 
during  an  eruption  these  substances  would  be  ejected  first.  A  com- 
plete B^r^ation,  however,  is  not  assumed— only  a  differential  con- 
centration of  the  magmatic  components.  It  ia  obvious  that  a  more 
important  function  of  the  "mineralizera"  is  to  increase  the  fusi- 
bility of  the  magmatic  mass  and  to  diminish  its  viscosity,  thereby 
facihtating  crystallization. 

In  a  lat«T  paper  than  the  one  previously  cited  G.  F.  Becker*  has 
shown  that  fractional  crystallization  may  have  been  an  important 
factor  in  producing  differentiation.  This  is  a  process  which  is  well  un- 
derstood, and  it  must  have  been  more  or  less  operative.  From  this 
point  of  view  magmatic  differentiation  becomes  a  part  of  the  general 
cooling  process,  and  not  a  phenomenon  to  be  considered  aside  from  the 
ordinary  soHdification  of  a  lava.  The  magma,  whether  it  is  forming  a 
dike  or  a  laccolith,  is  inclosed  between  walls  which  are  cooler  than 
itself,  and  along  these  surfaces  the  less  fusible  or  less  soluble  minerals 
will  first  crystallize.  The  process  is  aided  by  the  circulation  of  con- 
Tecti(m  currents;  and  that  portion  of  the  fused  mass  wluch  last 
solidifies,  the  mother  hquor,  will  be  the  portion  of  maximum  fusibility, 
and,  therefore,  approximate  to  a  eutectic  mixture.  The  center  of 
the  dike  or  laccolith  will  thus  have  one  composition  and  its  outer  parts 
uiother.  In  his  memoir  upon  the  Highwood  Mountains  L.  V. 
Firsson  *  discusses  the  process  in  some  detail  and  shows  how  convec- 
tion and  crystallization  may  go  on  together.  When  great  differences 
in  specific  gravity  exist,  as  in  the  separation  of  the  heavy  titaniferous 
magnetite  of  the  Adirondacks  from  the  lighter  rocks  of  the  same 
mf^matic  mass,*  the  crystallizing  substances  may  settle  to  the  bot- 
tom and  form  a  distinct  layer  quite  unlike  the  superincumbent 
material.    Even  very  moderate  differences  of  density  may  produce 

I  BnlL  PhUaa.  8oc,  Wuhlncton,  vid.  12,  Ua2,  p.  SB.  Compire  J.  E,  Span,  lour.  Geology,  vol.  S,  IMO, 
p.  S3),  on  the  roocfaslon  oF  Uu  Ignaom  lodra  In  the  Qnat  Bisln  ot  NertMla.  Spoir  givet  a  good  hisHvicsl 
snmnury  Dl  the  lubject,  begbming  with  the  pioneer  mak  of  RlslitbolBii. 

>  Am.  Jour.  Bd. ,  4th  nr.,  toI.  4, 180T,  p.  217. 

>BdU.  U.  S.  Oeol.  Btamy  Mo.  337,  ll)0E,p.l83.  Conqnn  abo  A .  Barker,  Qoert.  Joot.  Qeol.  Boo.,  vol. 
U,  lan,  p.  3U,  and  T.  L.  Wallnr,  Am.  Joor.  Bd.,  4th  nr.,  vol.  e,  1888,  p.  410. 

•  Sea  I.  r.  Kemp,  N&Wlee»th  Ann.  Bept.  U.  S.  Oeol.  Survey,  pt.  S,  UM,  p.  417. 
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Bimilar  results,  alt^oi^  in  leea  d^ree.  For  example,  Loewinson- 
Lessing*  has  shown  that  in  certain  YeBUTian  lavas  leucite  crystak 
have  risen  to  the  top,  while  aogite  sank  to  the  bottom.*  In  the  differ- 
entiation of  the  eruptive  iron  ores  of  Norway,  as  deathbed  by  J.  H. 
L.  Vogt,*  the  same  process  may  operate,  although  V<^  gave  another 
interpretation  to  the  phenomena.  In  cases  of  this  kind  the  1k|uatioQ 
hypothesis  of  J.  Durocher*  may  be  partly  applicable,  and  we  can  easily 
conceive  of  the  cooling  magma  as  separatbig  into  lighter  and  heavier 
layers,  even  before  solidification  begins.  Kemp,  in  the  paper  just 
cited,  remarks  that  copper  matte  settles  out  almost  completely  from  a 
viscous  mixture  of  matte  and  slag,  although  in  a  large  mass  of  magma 
convection  currents  might  hinder  the  perfect  working  of  such  a 
process.  Liquation,  then,  must  be  r^arded  as  a  possible  mode  of 
differentiation,  but  probable  only  in  certain  special  casea.  It  implies 
alimited  miscibility  of  the  magmatic  solutions,  and  that  does  not  often 
occur.  J.  Morozewicz,*  however,  in  his  experiments  upon  artificial 
magmas  observed  several  cases  in  which  his  melts  differed  in  com- 
position from  top  to  bottom,  the  undermost  portion  being  the  heav- 
iest. Similar  differences  of  density  are  well  known  to  the  glass 
makers,  as  shown  by  variations  in  refractive  capacity  between  Uie 
top  and  bottom  portions  of  their  melts.  Such  a  "gravitatire  adjust- 
ment" is  presumably  most  effective  in  slowly  cooling  magmas, 
especially  when  pwrtid  crystallization  has  occurred.  The  mineraU 
firat  formed  must  have  time  to  sink.  The  rate  of  cooling,  therefore, 
is  a  distinct  factor  in  the  differentiation  of  igneous  rocks. 

To  these  ^encics  in  the  process  of  differentiation  must  be  added 
that  of  pressure.  This  has  been  taken  into  account  by  Martin 
Schweig,'  whose  views  may  be  briefly  sinnmarized  or  paraphrased 
as  follows:  In  a  molten  magma,  under  great  pressure,  partial  crystal- 
lization occurs;  the  crystals  formed  sink  within  the  fluid  mass,  while 
their  mother  liquor  accumulates  above  them.  An  eruption  takes 
place,  the  mother  liquor  is  ejected,  and  with  the  consequent  relief  of 
pressure  the  fusibility  of  the  separated  crystalline  matter  is  increased. 
The  latter,  remelted,  is  expelled  by  a  later  explosion,  and  in  this  way 
the  magma,  originally  homogeneous,  gives  rise  to  two  or  more  differ- 
ent lavas  emitted  from  the  same  vent.  The  separation  is  effected  in 
tiie  first  place  by  fractional  crystallization,  aided  by  gravity;  and 
then,  under  reduced  pressure,  the  crystalline  layer  again  liquefies. 

■  StDdI«n<]eberdIeEnipUvgestetne,St.  FetanbarK,  IBM,  p.  1&6. 

■  Slmllai  obserraUons  an  ransdml  by  much  sutler  wurbrs,  u,  for  butance,  Cbulca  nuvb,  &I  Q«0- 
logkal  otaerratlaiu  m  vokanlc  jslanda,  ISM,  p.  117,  snd  P.  Bcnpe  In  his  Imtlse  VolmuH,  ISS,  p.  US. 

■  Seesunmuiy  b;  ].  1.  H.  TfsU  In  Oeol.  U3«.,  1382,  p.  S3. 

•  Annales  dea  mines,  GCh  Kr.,  vol.  11,  ISS7,  p.  217. 

•  UlD.pat.  Mitt, vol.  IS,  1S§»«,  p. 333.  N.  L.  Bowen  (Am.  Jonr.  Bd.,  1th >«.,  vol. SB,  ISIS,  p.  178),  In 
■ODuaxpoimeati  tipoD  tha  msensslui  lOIcates,  h»  loniMl  that  In  ■  melt  oUrlns  and  pyrannB  cr;ibIUM 
ogt  and  link,  wfaUa  taridyialte  BaOs. 

•  NeoaJahTb.iBall.Buid.Tol.  17,lB(n,p.Glfl.  Orifhall;  published  u  ■  doctoral  dtaertatloii.  Tba 
paps  contoliu  b  good  summary  down  Co  IKO  ol  the  entire  nibject  or  dlSoentlatlan. 
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This  IB  a  plausible  hjpothesia,  but  it  leaves  some  things  out  of 
fWMM>itnt.  Preesure,  in  the  first  instance,  raises  the  melting  points  of 
the  fused  minerals,  but  the  water  and  gases  dissolved  in  the  magma 
act  in  the  opposite  way.  They  tend  to  make  the  magma  more  fusible. 
When,  by  eruption,  these  gases  escape,  thme  will  be  a  decrease  of  fusi- 
bility to  offset  the  gain  from  reduced  preasure,  and  what  the  alge- 
braic sum  of  this  gain  and  loss  may  be  no  man  can  say.  llie  oppos- 
ing tendencies  may  balance,  hut  it  is  more  probable  that  one  or  the 
other  wiH  be  the  stroDger,  and  beyond  this  point,  with  the  available 
evidence,  our  rea8<ming  can  not  go.  During  an  eruption  the  com- 
position of  a  mi^ma,  its  gaseous  load,  its  temperature,  and  the  pres- 
sure on  it  are  all  varying;  some  of  the  variations  are  slow  and 
gradual,  others  are  rapid;  heat  may  be  lost  by  cooling'  or  evolved  by 
chemical  change;  and  no  equation  can  yet  be  written  in  which  each 
of  these  factors  shall  receive  its  proper  valuation.  After  eruption  the 
phenomena  are  less  complex;  but  even  then  we  are  only  able  to 
fc^ow  them  partially.  Fractional  crystallization,  liquation,  the  in- 
fluence of  dissolved  vapors,  and  the  assimilation  of  foreign  material 
are  all  intelligible  processes,  but  the  first  one  named  is  the  most 
general  and  presumably  the  most  important  of  aU.  Even  its  influ- 
ence is  variable,  however,  becoming  zero  in  eutectic  mixttuve  and 
increasing  in  potency  as  we  recede  from  the  eutectic  point.  The 
note  closely  the  composition  of  a  magma  approaches  eutectic  ratios 
tii»  less  capable  of  fractionation  it  becomes. 
RADIOACTTVITT. 

This  chapter  would  be  incomplete  without  some  reference  to  recent 
speculations  and  investigations  relative  to  the  sources  of  volcanic 
heat.  That  heat  hitherto  has  been  commonly  referred  either  to  the 
molten  matter  left  over  after  the  consolidation  of  the  lithosphere  or 
to  a  generation  from  mechanical  sources,  such  as  pressure  and  the 
friction  due  to  movements  within  the  crust.  The  discovery  of 
radium,  however,  which  emits  heat  continuously,  has  led  to  new  con- 
ceptions that  are  at  least  worth  mentioning.* 

The  quantity  of  heat  emitted  by  radium  has  been  measured  by  sev- 
eral investigators.  The  subjoined  table  gives  most  of  the  results 
obtained,  expressed  in  gram  calories  per  gram  of  pure  radium  per 
hour: 

iTI>aiDddtDa:q«DBknic(tliB|iaMreltaNd  at  thu  tit<iininf  nf  «  ^»jfmin  iipH«i  mnstuarti  note- 
wicth;  ODoUof  alhot  (m  the  nsUusl  magma. 
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The  differences  between  these  determinations  are  due  partly  to 
differences  in  the  atomic  weight  assigned  to  raditun  and  partly  to 
different  methods  of  measurement;  but  they  are  immaterial  in  respect 
to  the  present  discussion.  It  is  enough  to  note  that  1  gram  of 
radium  spontaneously  emits  heat  enough  every  hour  to  raise  the 
temperature  of  more  than  100  grams  of  water  1°  Centigrade,'  an 
enormous  quantity  in  comparison  with  the  energy  displayed  in  even 
the  moat  violent  chemical  reactions.  How  large  a  part  does  this 
evolution  of  heat  play  in  volcanic  phenomena  or  in  maintaining  the 
temperature  of  the  earth  t 

The  piincipal  radioactive  elements,  so  far  as  present  knowledge 
goes,  are  uranium,  radium,  and  thorium.  Actinium,  ionium,  and 
polonium  are  also  known,  but  their  thermal  efficiency  is  yet  to  be 
determined.  Potassium  and  rubidium  are  feebly  radioactive.  Ka- 
dium,  which  is  a  derivative  of  uranium,  is  by  far  the  most  important 
radioactive  element  so  far  discovered,  and  for  immediate  purposes  is 
the  only  one  which  need  be  taken  into  account.  It  has  been  sug- 
gested that  the  atomic  degradation  which  characterizes  the  elements 
above  named  is  probably  a  general  property  of  all  matter,  but  that 
is,  as  yet,  only  an  unproved  speculation.'  It  may  or  may  not  be 
sustained  by  future  investigators. 

The  materials  forming  the  crust  of  the  earth,  whether  igneous  or 
sedimentary,  are  now  known  to  be  measurably  radioactive.    This 

1  TlM  nUHt  probmble  value  ts  UScsl. 

>  N.  R.  Campbell  (PhUcn.  Mag.,  etH  sa.,voL  S,  IMS,  p.  131;  voL  11,  ISOfl,  p.  106)  dalnu  to  have  Obaar- 
ered  ndloacUvlty  In  sevoal  common  meUIs,  H.  Or«Iiiaclui(AimBlaid«  Physlk,  4Uimi.,  toL  24,  IWT, 
p.  n)  attempted  to  deUrmine  the  ndlooctlrlty  ol  common  substaoces  b;  a  cahrlmetriD  method,  uid 
obtained  negative  iHulls.  nitexl9t3,lUlnlfoslty  IsloosmalltobemnsuredbrwyluiowniiieUtad.  See 
also  W.  W.  Strmg,  Am.  Cbem.  Jour.,  vol.  Q,  IMt,  p.  147;  If.  Lnln  and  R.  Ruer,  Fbyilkal.  ZaltKhr.,  voL 
to,  low,  p.  in. 
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radioactivity  is  even  commimicated  to  the  waters'  and  the  atmoB- 
phere,  but  is  most  marked  in  the  older  rocks,  and  it  is  mainly  attrib- 
uted to  the  widespread  diffusion  of  radium  in  exceedingly  minute 
traces.  The  other  unstable  elements,  doubtless,  play  their  part,  but 
radium  appears  to  be  the  principal  agent  in  producing  the  phenom- 
enon. The  measurements  of  what  may  be  called  geochemicid  radio- 
sctivity  are  therefore  commonly  stated  in  terms  of  radium. 

The  decay  of  radium  is  through  a  series  of  st^es  in  which  a  num- 
ber of  products  are  successively  formed.  The  first  of  these  products, 
the  radium  emanation,  to  which  the  name  niton  has  recently  been 
given,  is  a  gas  belonging  to  the  helium-argon  group.  By  decompos- 
ing a  rock  and  bringing  it  into  solution  this  gaseous,  radioactive 
substance  can  be  isolated,  and  its  amount  detennined  by  its  action 
upon  the  air  within  an  electrracope.  The  details  of  the  operation 
need  not  be  considered  here.  They  are  given  by  Strutt  in  his  papers 
upon  radium  in  rocks,  and  are  also  summed  up  by  Joly  in  his  treatise 
upon  Radioactivity  and  Gteoli^y.  The  amount  of  emanation  is 
strictly  proportional  to  the  amount  of  radium  from  which  it  was 
generated,  provided  enough  time  is  allowed  for  it  to  accumulate  until 
its  rate  of  production  and  rate  of  decay  are  in  exact  equilibriimi. 
These  rates  are  known  to  a  fair  degree  of  approximation,  and  hence 
measurements  of  the  emanation  Are  easily  restated  in  equivalent 
quantities  of  radium. 

Since  1906  numerous  determinations  of  radium  in  rocks  have  been 
made,  especially  by  R.  J.  Strutt  and  J.  Joly.'  From  Strutt'e  meas- 
urements, as  corrected  by  E>ve  and  Mcintosh,  the  radium  in  28  igneous 
rocks  ranges  from  0.30  X  10~"  to  4.78  X 10-'*  grams  per  gram  of  mate- 
rial. The  average  is  1.7X10-".  The  highest  values  were  obtained 
from  granites,  the  lowest  from  basalts  and  olivine  rocks.  For  sedi- 
mentary rocks  the  average  of  17  determinations  gave  1.1  x  10-" 

1  The  tsdloBcUrltr  of  many  spring  vttaa  bas  already  been  noted  in  the  chapter  on  mineral  springs. 
Aoeotdlnc  to  I.  lol;  (Radlmotlvlty  and  geology,  p.  48],  ms  vataT  la  radioactive  to  an  extent  equivalent 
to  an  oceanic  ctmtent  of  30,000  ttsu  of  ruUiun.  The  d«[>«eB  ssdlmeDti  are  much  mora  ndloactlve.  A.  8. 
Eve,  however  (PhlIae.Uag.,Sths«r.,  vol,  IS,  iMB,  p.  102), found mucbsmalleramaiinti  of  ladlum  Inns 
water  than  J(dy~fn  Caet,  iml  J  Bbouc  cofreeventeenth  as  much.  For  are[ily  byJol;  see  the  same  vdnnu, 
p.  380.  F.  nlmatedt  (Phyalka].  Zeltschr.,  vol.  i,  1904, p.  210)  attributes  tlwradloactlvUr  olUMnnalwatcn 
to  deepeeoted  radlooctlve  minerals- 

'Bee  Radioactivity  and  geol(iey,alraady  cited.  For  Stoirtt's  pap«»  s«  Pnic.  Roy.  Soe.,  scr-A,v<^  77, 
190e,p.472;vDLTS,lB06,p.  UD;voLa),  19a8,p.  ET^voLM,  mo,  p.a77.  The  ngures  given  by  Stratt  hi  Uts 
Bnl  of  these  ptqMn  Inyotved  an  BToneous  ccnsCant  and  wrre  corrected  by  A.  B.  Eve  and  D.  Udntoah,  PhUoa. 
ICig.,  Sth  so-.,  voL  14,  IMiT,  p.  33L  Thne  auUum  also  nuaatuvd  the  rullcBctfvlty  of  various  rocks  near; 
HmitreaL  See  also  memalia  by  C.  C.  Farr  and  D.  C.  H.  Florance,  Phlloe.Uag.,6Ui  ser.,  voL  IS,  IWt,  p.  811 
A.  L.  Fletcher,  Mem,  voL  10,  IBID,  p.  36;  ToL  21,  IBtl,  pp.  102,  770;  ToL  23, 1912,  p.  279;  A.  GBckst,  Jour. 
Chem.  Soc.,  voL  100,  pt.  3,  IRU,  p.  174,  abstract;  F..  E.  BOchntr,  Idem,  p.  2t3,  atatract;  and  vol  103.  pt  3, 
tOIZ,  p.  529,  abebact.  Recent  p^srs  by  Joly,  partly  upon  rodluia  and  partly  upon  thcrlum,  am  In  Phlloi. 
IfBC.,  ath  stf.,  voL  IT,  1909,  p.  7110;  vol.  18,  1900,  pp.  140,  S7T;  voL  20, 1910,  pp.  12S,  3S3;  voL  23, 19U,  p.  201; 
Td.  M,  1913,  p.  im.  OntIuradloactlvltyotpltchblendeieeH.H.Poole,ldem,ToL19,1910,p.ai4.  On 
Australian  miD(Tal>,D.Uawsoii  and  T.H.  Lsby,  chem.  News,  vol.  93, 1909,  p.  39.  On  tevas,  O.  Scarpa, 
AttlR.Kcad.Lbicel,EIh>m.,voLte,19aT,p.44;R.NasfnlandU.a.Levl,ldem,val.l6,19oe,p.3Bl;  vat, IT, 
p.  433; and  Q.  T.  Castoilna,  Neues  Jahib.,  L907. p.  1  Ifabstract).  J. W.  Waters  (Fhilos.  Has.,  Bth  ser.,  vc^ 
19, 1910,  p.  903)  b«  rtudM  the  pnaenca  of  radioactive  mfaHrals  hi  common  rodcs.  On  radiothorlum  see 
a.  A.  Blanc,  Idem,  voL  13, 190T,  p.  37S:  voL  IS,  1909,  p.  140. 
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grants  per  gram,  the  mean  of  the  two  averages  being  1.4X10~", 
This  amount  is  equivalent  to  an  emission  of  heat,  the  heat  given  out 
by  radium,  about  28  times  as  great  as  is  needed  to  account  for  the 
observed  temperatnie  gradient  within  tiie  crust  of  the  earth. 

Joly's  figures  are  much  hi^er  than  those  of  Strutt,  and  cover  a 
much  larger  number  of  determinations.  As  summed  np  by  him,* 
the  mean  radium  content  of  igneous  rocks  is  5.5X10~'*  grams  par 
gram,  and  that  of  sedimentary  rocks  4.3X10~".  Joly,  moreover, 
finds  only  shght  differences  (as  compared  with  Strutt's  results) 
between  the  plutonio  rocks  and  those  of  volcanic  origin.  The  dis- 
cordance between  Strutt  and  Joly  I  can  not  attempt  to  explain;  but 
it  seems  probable  that  the  graniiJc  rocks  and  perhaps  also  the  nephe- 
line  syenites  should  show  the  highest  values.  In  them  the  minerals 
of  uranium,  radium,  and  thorium  are  principally  concentrated.' 
The  radioactivity  of  the  sedimentary  rocks  may  be  due  to  a  distri- 
bution of  the  radium  emanation  by  circulating  waters,  in  which  the 
gas  is  soluble.  That  of  mineral  springs  is  exphcable  in  the  same 
way. 

An  attempt  to  compute  the  total  amount  of  radioactive  matter  in 
the  eartii  and  ite  thermal  significance  would  be  obriousAy  premature. 
The  available  data  are  too  scanty,  too  discordant,  and  in  some 
respects  too  incomplete  for  suclk  a  purpose.  According  to  Strutt, 
the  radium  must  be  mainly  within  an  outer  shell  of  rock  of  relatively 
moderate  thickness ;  for  if  it  were  uniformly  diffused  throughout  the 
earth  the  earth  would  be  growing  warmer,  which  is  highly  improb- 
able.* Its  precise  distribution,  however,  can  only  be  determined 
after  many  more  experiments  have  been  made,  in  which  the  radio- 
activity of  each  rock  mass  shall  be  correlated  with  ite  exact  petrol<^c 
nature.  An  apparent  "granite,"  for  example,  may  be  really  a  meta- 
morphic  rock  in  masquerade,  and  not  a  true  plutonio.  The  thorough 
geologic  and  pctrologic  study  of  each  sample  of  rock  should  go  hand 
in  hand  with  its  radioactive  measurement.* 

On  the  purely  quahtative  side  of  the  problem  more  can  be  said. 
It  is  proved  that  the  surface  rocks  of  tiie  earth  contain  diffused  ra- 
dium, and  that  must  be  emitting  heat  at  a  definite  rate.  On  this 
basis  of  fact  Maj.  C.  E.  Dutton*  has  au^ested  that  volcanic  heat 
may  be  developed  by  radioactivity  in  limited  tracts  from  1  to  3  and 
not  over  4  miles  below  tbe  surface  of  the  earth.  Heat  thus  developed 
might  so  accumulate  as  to  fuse  the  rocks  in  which  it  was  generated. 
In  time,  when  enough  material  was  melted,  tho  water  inclosed  in  the 

1  RidlcMctlrlty  and  gMlogy,  p.  3711. 

■  Q.  voo  dam  Bone  (Zslttdu.  Deatacb.  gtol,  Oiatl].,  voL  U,  leoe,  p.  I)  baa  found  Ihe  gnnlla  of  Ch* 
Xnftblrgt  to  b«  BCnnglr  rKlJautlvc. 

•SMftlsoC.  Liebaiow.Fbystkal.ZalttehT.,  vol.  5,1904,  p,  sat. 

<  Sh  Jl..  Holma  (Sd.  Pngnn,  vol.  9,  p.  12. 1B14),  for  an  Intenstlng  papw  <n  tin  dMrlbntion  ot  radUun 
tathanrtli. 

•  Jour.  0«t*llBT,  TOl.  11, 1906,  p.  W.  .^ 
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magmft  Uios  produced  would  become  explosive,  and  an  eruption' 
would  follow.  Then  a  period  of  quiet  would  ensue,  more  heat  would 
be  released  by  the  subterranean  radium,  and  another  explosion  would 
occur.  Thus  Dutton  explains  the  periodicity  of  eruptions,  and  he 
ai^es  that  no  permanent  reservoini  of  molten  magma  are  required 
in  order  to  account  for  volcanic  phenomena.  Dutton's  views  have 
been  opposed  by  G.  D.  Louderback,*  partly  on  geologic  grounds,  and 
partly  because  radiferous  minerala,  Buch  aa  nraninite,  are  not  found 
among  volcanic  products.  On  the  other  hand  Joly  '  is  inclined  to 
favor  Dutton's  suggestion,  having  found  Vesnvian  lavas  to  be  highly 
radioactive.  His  figures,  for  the  lavas  emitted  since  1621,  give,  in 
mean,  12.3  X 10"^  grams  of  radium  per  gram  of  rock,  an  astonishingly 
high  figure,  ^lich  seema  to  need  verification. 

In  speculations  of  tiiia  order  there  b  a  certain  fascination,  but  also 
a  tendency  to  push  the  conclusions  too  far.  It  is  extremely  proba- 
ble tiiat  radioaction  may  account  for  part  of  the  heat  emitted  from 
volcanic  vents,  but  wheUier  it  is  the  greater  part  or  not  is  more  uncer- 
tfun.  In  any  case,  the  reported  radioactivity  of  potassium*  must  be 
taken  into  account,  a  metal  millions  of  times  more  abundant  than 
radium,  which  fact  may  ofiEset  ite  feeble  intensity.  Mechanical  ^en- 
cies  and  chemical  reactions  also  count  for  something  in  volcanic 
phenomena,  and  the  heat  due  to  them  should  not  be  ignored.  It  is 
much  more  likely  that  the  phenomena  are  produced  by  a  combination 
of  causes,  than  that  they  are  ascribable  to  any  one  cause  alone. 

The  final  degradation  products  of  radium,  and  therefore  of  its 
parent,  uranium,  are  heUmn  *  and  probably  lead.  The  elementary 
pedigrees  are  somewhat  long,  and  their  consideration  in  detail  would 
be  out  of  place  here.  The  rate  at  which  helium  is  generated  is  fairly 
well  known,  and  upon  that  constant  a  method  of  determining  the  i^ 
of  minerals  has  been  based.*  Given  the  amount  of  uranium  or 
radium  in  a  rock  or  mineral,  and  also  the  amount  of  h^um  which  it 
contains,  and  the  length  of  time  required  to  generate  the  hedium  is 
easily  c^culated. 

1  Jour.  OmIokt,  vo).  14, 1D0«,  p.  7*7. 

>  PhllOB.  Uag.,  stb  9«r.,  ToL  18, 1909,  p.STT.  The  pcsBlbl«  niatim  at  TUlcanliai  to  ndloMUvltr  !■  klM 
dlManed  by  F.  vim  WolS,  Zsitsclir.  Deutscfa.  geol.  anell.,  toI.  SO,  1908,  p.  131. 

'  Bee  K.  R.  Caropbtll  and  A.  Wood,  Proc  Cunbrldes  FhQce.  8oc,  Tiri.  H,  iwa-isae,  p.  15;  am  CuwbaQ, 
Mam,  pp.  211,  UT.  Also  E.  Hnrlot,  Compt,  Rend,,  vol.  14S,  190«,  p.  910;  Hvulot  and  O.  Vmn,  idam, 
TOl.lW.p.SO;  J.C.UcL«nnanHidW.T.Keiin€>d7,Phjafl[aI.Z«lt3Clir.,vol.S,lgce,p.G10.  U. L«vln and 
R.  Rav  (Idem,  yd.  10,  loOB,  p.  iTi)  atndlsd  man]'  dammta  other  thvi  than  etconglr  ndkactive  and 
found  only  K  and  Rh  to  emJt  uDdoubtad  ndlatlou.  W.  W.  Strmg  (Am.  cbem.  Jour.,  toI.  tl,  1909, 
p.  147]  obtained  similar  remits  and  also  [cnmd  isdlaactlvltj  In  erbium.  R.  I.  Stnitt  (Fntt.  Roy.  Boe., 
vol.  BIA,  1908,  p.  178)  lUggnta  that  th<  helhim  In  the  Stanhin  aalta  may  be  derived  Cram  iiiilniiliiiii 

•AoocrdbEtoF.Soddy(Phllos.Mag.,Bth9u.,vol.l6,lt08,p.513]DrBiiliiinaiidth«liimbothjiddhellDm. 

•  Bee  E.  Rulherford,  RitdiotUTtlTe  transformations,  p.  1S7.  For  appUcatlOis  el  tbe  method.  Ma  R.  T. 
Stnilt,FrDa.Roy.  Boe.,3«r.A,va1,  Sl,1B0e,p.373;TOl.B3,190>,pi>.<H,19S;  v(iL84,UtO,n>.lM,>n.  Tt" 
criticisms  Ditba  method,  Me  M.Levla,Z«Usc)ir.Elaktrocbemla,voL  13, 1«07,  p.  sm  O.  F.  Backer,  Boll. 
Oeol.  Boc.  America,  vol.  19, 1908,  p.  113;  J.  loly,  Radkactlvltr  ud  geology,  di.  11;  J.  Eoenlffbereer,  Oeol. 
Randiohaa,  vol.  l,  ISIO,  p.  MS;  and  A.  Hokma,  Proo.  Ror.  8oc.,  voL  SSA,  1911,  p.  MS.  Holmai's  book, 
nu  age  of  the  earth,  Ixmdiai,  1913,  la  an  azDellait  summary  of  the  Babjact.  Saaalsoraomt  papers  by  Joly 
In  PhOoa.  Uag.,  Sth  ser.,  voL  12, 1911,  p.  3SS,  and  8cL  Pio{Tes9,  vol.  9, 191 1,  p.  37 
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By  this  method  Rutherford  computed  the  ages  of  a  feigusonite 
and  a  urauinite  at  something  over  600,000,000  years;  the  %ureB 
being  minima  because  some  helium  might  have  escaped.  Joly, 
revising  the  calculations  by  means  of  a  different  value  for  the  rate 
of  change  of  uranium  into  radium,  reduced  the  estimate  to  241,000,000 
years.  By  the  same  method  Strutt  found  the  age  of  thorianite  from 
Ceylon  to  be  above  280,000,000  years,  and  of  a  Canadian  sphene 
710,000,000  years.  For  more  modem  minerals  Strutt  found  much 
smaller  ages.  Sphserosiderite  from  the  OUgocene  was  found  to  be 
8,400,000  years  old;  hematite  from  the  Eocene  31,000,000;  and 
hematite  from  the  Carboniferous  150,000,000  years.  He  also  studied 
a  number  of  phosphatic  nodules,  which  gave  still  lower  figures,  in 
one  case  225,000  ye^us.  The  order  of  the  geological  formations  was 
approximately  followed,  the  oldest  minerals  being  found  in  the  oldest 
rocks. 

Afisuming  that  lead  is  the  final  product  of  the  degradation  of 
uranium,  B.  B.  Boltwood '  has  sought  to  determine  the  age  of  cer- 
tain minerals  from  the  ratio  between  the  two  metals  wheia  both 
are  present.  The  ratio  multiplied  by  10"*  gives  the  approximate 
age.  By  this  method  Boltwood  found  ages  for  various  minerals, 
ranging  between  410,000,000  years  for  a  uraninite  from  Connecticut 
to  2,200,000,000  years  for  Ceylonese  thorianite,  the  last  figure  being 
several  times  larger  than  that  given  by  Strutt.  The  great  uncertainty 
of  such  calculations,  however,  has  been  clearly  pointed  out  by  G.  F. 
Becker,*  who  has  applied  it  to  the  rare-earth  minerals  from  Baringer 
Hill,  Llano  County,  Texas,  with  the  following  results: 

YttrifJiW  (Mftckintodi) 11,470,000,000  yeua. 

Yttrialito  (HUlebrand) 6,136,000,000  yeare. 

Macldntoshite  {HUlebrand) 3,8M,000,000  yean. 

Nivenite  (MackintoBh) 1,671,000,000  yean. 

FOTguflonite  (Mackintaah) 10,360,000,000  yean. 

FetguBonile  (Mackintoeh) 2.967,000,000  yeara. 

The  list  might  be  extended  still  further,  but  it  is  fuU  enough  as  it 
stands.  The  minerals  are  all  from  one  deposit,  which  is  of  about  the 
same  geologic  age  as  the  Connecticut  uraninite  studied  by  Ruther- 
ford, and  yet  the  figures  vary  enormously,  even  for  a  single  species. 
The  assumption  that  lead  is  derived  from  uranium  may  be  correct; 
but  that  all  the  lead  in  a  given  mineral  had  that  origin  is  most  doubt- 
ful. In  the  evolution  of  the  chemical  elements  lead  probably  existed 
before  uranium,  and,  being  more  stable,  was  developed  in  larger 
quantities.  Magmatic  lead,  as  represented  by  galena,  is  common 
in  pegmatites,  and  may  easily  have  become  entangled  with  other 
minerals  as  an  occluded  impurity  when  crystallization  first  took 

■  Am.  Jour.  Scl.,  4th  ur.,  vol.  U,  llOT,  p.  SO. 

•  BuIl.a«al.Soe.Aiiuilc8,T(ri.l^U08,p.U4.  B«e>laar.2ainboiilii[,Att]B.io(»d.  LlimI,SlliMr.,voI. 
X,pt.2,19n,p.l31;  MtdR.W.LamoiiitTnlv.DiiriumPlia.  Boo.  Froo.,  TOl.fi,  1>13,  p. ». 
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place.  This  possibility  is  pointed  out  by  Becker  very  clearly.  The 
uranium-lead  ratio  is  of  very  questionable  value  in  computing  the 
age  of  minerals. 

Similar  objections  apply  to  the  use  of  the  helium-radium  ratio 
when  it  is  assumed  that  all  the  helium  was  generated  by  radioactive 
decay,  Heliom  is  found  in  the  nebuUe,  the  hotter  stars,  and  the  sun; 
and  the  sun  contains  lead  also;  but  uranium,  thorium,  and  radium 
have  not  yet  been  rec<^ized  in  the  solar  spectrum.  B.  Hasselberg  * 
in  a  careful  comparison  of  the  solar  spectrum  with  that  of  uranium 
failed  to  detect  its  presence,  P.  G.  Nutting'  was  similarly  unsuc- 
cessful when  he  compared  Exner  and  Haschek's  table  of  the  spectrum 
of  uranium  with  a  30-foot  reproduction  of  the  solar  spectrum.* 

Furthermore,  helium  ia  not  only  found  in  minerals  containing 
uranium,  but  also  under  other  conditions.  For  example,  in  certain 
beryls  Strutt  *  found  much  helium  but  no  radioactive  parent  from 
which  it  might  have  been  generated.  The  heUum  in  bu(^  cases  may 
have  originated  from  unknown  radioactive  substances  of  such  great 
instability  that  no  trace  of  them  remains  unchanged,  but  this  is  pure 
speculation.  A.  Piutti*  found  that  helium  is  generally  present  in 
minerals  containing  glucinum,  but  with  no  regular  ratio  between 
the  two  elements.  He  has  also '  shown  that  helium  is  absorbed 
by  certain  melted  salts  and  minerals,  and  that  its  presence  therefore 
tells  nothing  of  their  age. 

The  permeability  of  quartz  to  helium,  which  is  perceptible  at  220° 
and  very  great  at  1,100°,  may  have  some  bearing  on  the  problem 
now  before  us.'  That  minenjs  should  differ  in  their  permeability, 
and  also  in  their  capacity  for  retaining  helium  is  almost  beyond 
question.  Another  difficulty  is  suggested  by  the  work  of  Ellen 
Gleditsch,*  who  has  shown  that  the  ratio  between  radium  and  uranium 
in  minerals  is  not  constant.  That  ratio  enters  into  many  of  the 
calculations  relative  to  the  age  of  radioactive  minerals.  A  still 
greater  difficulty  appears  when  we  take  into  consideration  the 
presence  of  helium  in  the  waters  of  many  springs.  From  one  spring 
at  Santenay,  in  France,  according  to  C.  Moureu  and  A.  Lepape,* 
17,845  liters  of  helium  are  brought  to  the  surface  in  one  year.  To 
supply  this  quantity  the  radioactive  decay  of  not  less  than  91  metric 

1  E.  Bronk.  V«t.  Akad.  HutdL,  ml.  it.  No.  t,  p.  (3,  ISIO. 
■  am  BMlni,  Boll.  Qui.  Boo.  AnUclCB,  toI.  19,  p.  139,  ItOS. 

•  F.  W.  Djvat  {Aitron.  Ngohrkhlsi,  vol.  183,  p.  Sa,  1811}  lus  npcrM,  KHDnrhat  doabtAiIlr,  Hon  of 
ladiDDi  tD  tha  apaotnim  of  th*  mitt  tiimmaifbirK.  H.  Qlabaln  {liimi,vciL  ISl,  p.  Ml,  1913)  hu  d«l«al«d 
radbim  and  lla  cnunatlDD  In  the  spactnim  of  tbe  Mu  Nova  Onmlncnun  2.  Tbiu  obsirvaUoio  nasd  doik 
Ht— ""—     Baomit  biTanlgaUiKii  bavs  bUed  to  nippoct  ttwm. 

<  ptw.  Boy.  Sam  voL  boa,  i«oe,  p.  stt. 

•  Atti  R.  aoad.  Lbloal,Mli  w.,  vol.  13,  pt.  1, 1913,  p.  1«L 

•  Jour.  Oigm.  Boo.,  tcI.  ICO,  pt.  s,  p.  gs,  I9ii  (abatract). 

>BaaA.Iaqn«adaiidF.L.  Panit,C(impt.  Rand.,T«LUt,  U04,p.  TSB;  voLlM.  ini7,p.  135. 
■Uam,  ToL  14S,  im,  p.  lUl;  TOL  1«,  iwa,  p.  aST. 

•  Idtm,  Vi^  US,  19U,  p.  1B7. 
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tons  of  rsdiuiD,  or  500,000,000  tons  of  pitchblende  or  thorianite 
would  be  required.  From  aU  these  considerationa  it  is  evident  that 
primordial  or  "fossil"  heUmn  must  be  taken  into  account,  and  also 
the  possibility  that  the  reaction  by  which  uranium  decays  may  be 
reversed  under  the  enormous  pressures  and  high  temperatures  exist- 
ing within  the  earth.'  On  the  basis  of  that  supposition  we  can 
imagine  that  some  of  the  helium  found  in  minerals  may  be  only  left- 
over material  from  the  original  reactions  in  which  the  heavier  elements 
were  formed. 

One  other  method  for  computing  the  age  of  minerals  is  based  on 
radioactive  phenomena.  In  certain  minerals,  micas  for  example, 
little  colored  rings  are  observed,  smronnding  a  presumably  radio- 
active nucleus.  From  measurements  of  those  "pleodiroic  haloes" 
J.  Joly  and  others'  have  computed  ages  comparable  with  those 
derived  from  the  helium  and  lead  ratios.  The  data,  however,  are 
not  sharp,  and  it  is  doubtful  whether  much  weight  can  be  ^ven  to 
the  calcidations. 

Finally,  the  discordance  between  the  foregoiiog  computations  and 
other  methods  of  ascertaining  the  age  of  the  earth  is  extraordinary. 
From  chemical  denudation,  from  paleontological  evidence,  and  from 
astronomical  data  the  f^e  has  been  fixed  with  a  notewortliy  degree 
of  concordance  at  sometiiing  between  50  and  100  millions  of  years.* 
The  high  values  found  by  radioactive  measurements  are  therefore  to 
be  suspected  until  the  discrepuiciea  shall  have  been  explained.* 

In  his  presidential  address  before  the  Geological  Society  of  America 
in  December,  1914,  O.  F.  Becker  brings  forward  strong  arguments 
against  the  radioactive  method  of  computing  the  age  of  the  earth. 

I  Thla  poaslblllt;  b  ncogaliied  by  Rutluclord,  op.  clt.,  p.  IM;  bf  U,  Lerla,  Z«ltacbi.  Eliktrocbmla, 
vol.  13, 1907,  p.  300;  oDd  obo  b;  Becks  In  tbg  papar  ]U9t  cited. 

>S«eJ.}o1;MKlA.L.P!MGlur,Plillaa.>lic.,MiMr.,Tol.l»,1910,p.  S30;  uidJ.JdIr  udE.ItatlialDn!, 
Idwn,  VOL  10,1813,  p.  9M. 

■  Sm  O.  F.  Bednt,  8inltbs>n!ui  HIk.  Coll.,  vol.  SS,  No.  S,  1910. 

'Beel.  H«nknld,Bs.  Dsutsoli.  ohua.  OMdl.,  toI.  41,  1808,  p.  ISW,  tat  a  nunmKy  ol  the  sabjeot  ot 
mUoactMtr.  UvUme  U.  S.  Curle'B  TrattA  de  ruUtwcttrltd,  3  vols.,  Paris,  1910,  b  >lao  most  Impcnant. 
In  Zeitachr.  ElAtrachemJe,  vol.  13, 190T,  pp.  8ee-40«,  la  h  sa^es  at  pap«r9  formlsE  a  a;aipashim  upon  the 
nblect.  A  mrlam  attempt  to  rectmoOe  ndkactlve  and  enialonal  metboda  of  conqniUng  UniB  ta  doe  to 
F.  C.  Brown  CLe  Radium,  October,  1913,  p.  3£2),  vba  suggests  that  the  aodlnm  ol  the  ooean  ma;  ttave  iMmx 
uradkwctlTefrwit.   Thtobtpeculatico  pure  and  almi^ 
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ROCK-FOBMING  MINERALS. 
PBEMMINART   STATEMENT. 

When  a  msgnia  solidifies,  it  may  do  so  either  as  a  glass  or  as  an 
aggregate  of  cryBtalline  minerals.  In  the  latter  process,  which  is  the 
first  step  in  the  general  procees  of  magmatio  differentiation,  and  in 
which  molecular  diffusion  plays  an  important  part,  each  mineral  is 
distinctjy  marked  off  in  space  and  occupies  a  r^on  of  its  own.  It 
may  not  be  pure;  it  may  entangle,  during  its  formation,  particles  of 
other  substances,  but  its  definiteness  and  int^;iity  are  none  the  leas 
dear. 

Although  more  than  a  thousand  distinct  mineral  species  are  known 
to  science,  only  a  relatively  small  number  of  them  are  in  any  sense 
abundant  or  to  be  reckoned  as  essential  constituents  of  rocks.  An 
igneous  rock  is  usually  a  mixture  of  silicates,  containing,  as  basic 
metals,  potassium,  sodium,  calcium,  magnesium,  iron,  and  aluminum, 
with  oftentimes  free  silica.  Other  substances  are  present  only  in 
quite  subordinate  pioportions.  There  may  be  small  quantities  of 
phosphates,  especi^y  apatite,  some  fluorides,  various  free  oxides,  the 
titanium  minerals,  zircon,  sulphides  in  trivial  amount,  and  sometimes 
free  elements,  such  as  graphite  or  metallic  iron;  hut  these  constitu- 
ents of  a  rock  have  only  miaor  significance,  except  in  some  exceed- 
ingly rare  instances.     The  exceptions  need  not  be  considered  now. 

Each  mineral  species,  using  the  word  in  its  rigorous  sense,  is  a  defi- 
nite chemical  entity,  capable  of  formation  only  under  certain  distinct 
conditions,  and  Uable  to  alteration  in  various  ways.  Each  one  may 
be  studied  as  it  exists  in  nature,  with  the  alterations  which  it  there 
undei^es ;  or  it  may  be  investigated  synthetically,  with  reference  to 
its  possible  modes  of  origin,  or  by  analytical  methods  in  order  to 
determine  what  transformations  it  is  likely  to  experience.  Both 
methods,  the  experimental  and  the  observational,  furnish  legitimate 
lines  of  attack  upon  geological  problems.  A  mineral,  with  its  associa- 
tions, is  a  record  of  chemical  changes  that  have  taken  place,  but  th€y 
do  not  end  its  history.  It  is  still  subject  to  decay — that  is,  to  trans- 
formations into  other  forms  of  matter,  and  their  study,  chemically 
or  in  the  field,  constitutes  an  important  part  of  metamorphic  geology. 
Alteration  products  are  highly  significant,  but  their  investigation 
demands  extreme  caution.  Errors  of  dif^osis  have  been  common  in 
97270'— Bull.  616—16 2X  321 
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the  past,  both  as  to  the  nature  of  substances  and  with  r^ard  to  their 
implications;  and  each,  reported  case  of  alteration,  therefore,  should 
be  submitted  to  the  severest  scrutiny.  A  compact  muscovite,  for 
example,  may  easily  be  mistaken,  on  superficial  examination,  for  talc 
or  serpentine;  and  errors  of  that  kind  may  deprive  an  otherwise  good 
observation  of  all  its  meaning. 

Many  compounds,  identical  with  natural  minerals,  have  been  pre- 
pared by  laboratory  methods,  wluch  may  either  reproduce  the  condi- 
tions existii^  in  nature  or  vary  widely  from  them.  Each  substance 
can  be  made  in  sevOTal  different  ways,  and  so  the  results  of  experi- 
ment may  or  may  not  have  geological  significance.  In  one  process 
the  conditions  of  a  cooling  magma  are  exactly  paralleled;  whereas 
another  may  have  no  relation  to  the  phenomena  observed  by  the 
geologist.  The  correct  interpretation  of  laboratory  experiments  is, 
therefore,  an  affair  demanding  nicety  of  judgment;  and  the  discrim- 
ination between  relevant  and  irrelevant  data  is  not  always  easy.  The 
synthesis  of  a  mineral  may  be  chemically  important,  and  yet  shed 
no  li^t  upon  the  problems  of  geology.  Still,  indirect  testimony  is 
often  of  value,  and  none  of  it  should  be  rejected  hastily. 

In  the  following  pages  the  more  important  minerab  of  the  igneous 
and  metamorpbic  rocks  will  be  considered  individually,  from  the 
various  points  of  view  indicated  in  the  preceding  paragraphs.  Im- 
portance and  abundance,  however,  do  not  always  go  together.  A 
relatively  infrequent  mineral  may  be  important  for  what  it  signifies 
and  thwefore  receive  more  attention  here  than  some  of  ihe  commono- 
species.  In  a  general  way  the  usual  order  of  mineral  classification  will 
be  followed,  but  not  rigorously.  In  some  cases,  for  petrographic 
purposes,  two  minerals  may  be  studied  consecutively  which  in  a  text- 
book upon  mineralogy  would  be  widely  separated.  The  problems 
of  parageneeis,  which  axe  all-important  here,  are  quite  independent 
of  mineralogical  classification.  The  titanium  minerals — ^rutile,  ilmen- 
ite,  perofskite,  and  titanite,  for  example— nsan  be  properly  considered 
successively,  although  one  is  an  oxide,  two  are  titanates,  and  the 
fourth  is  a  titanosilicate.  Fetrographically  they  belong  together; 
mineralogically  they  do  not.  So  much  premised,  we  may  go  on  to 
study  the  individual  species,  as  follows,  beginning  with  the  free  ele- 
ments, carbon  and  iron.  The  inclusion  of  diamond  in  this  category 
may  be  justified  by  the  fact  that  it  is  essentially  a  mineral  of  m^ 
matic  origin. 

DIAMOND   AND    OBAPHITE. 

Diamond. — Pure  or  nearly  pure  carbon.  Isometric.  Atomic 
wei^t,  12;  molecular  weight,  unknown.  Specific  gravity,  3.5. 
Atomic  volume,  3.4.  Hardness,  10.  Colorless  to  bhu:k,  with  various 
shades  of  yellow,  green,  blue,  red,  and  brown.    The  black  carbtmado 
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has  a  specific  gravity  slightly  below  that  of  the  pure  diamond,  rang- 
ing from  3.15  to  3.29.  Fusibility  unknown,  probably  above  3,000°. 
Combustible  at  high  temp^ atures,  between  800°  and  850°,  according 
to  H.  Moiasan,'  although  oxidation  b^ins  at. a  point  somewhat 
lower. 

The  diamond  has  been  produced  artificially  in  several  ways. 
R.  S.  Marsden,'  in  1880,  claimed  to  have  obtained  minute  crystals 
from  the  solution  of  amorphous  carbon  in  molten  silver.  J.  B. 
Hannay,'  by  heating  amorphous  carbon  with  bone  oil  and  metallic 
lithium,  under  great  preasure,  also  secured  a  few  crystals  of  carbon 
which  appeared  bo  be  in  the  form  of  diamond.  Moisaan,*  however, 
was  the  first  to  obtain  unimpeachable  results.  He  dissolved  carbon 
in  melted  iron,  and  cooled  the  mass  suddenly  under  pressure.  From 
Uie  cooled  iron,  undoubted  crystals  of  diamond  were  isolated, 
J.  FriedUmder'  dissolved  graphite  in  fused  olivine  and  obtained 
small  diamonds,  and  K.  von  Hasslinger,*  by  solution  of  amorphous 
cff bon  in  an  artificial  magnesium  siUcate  magma,  was  similarly 
successful.  A  little  later  R.  von  Hasslinger  and  J.  Wolffs  repeated 
and  varied  this  experiment,  usii^  different  magmas  in  order  to 
determine  under  what  conditions  the  diamonds  would  be  formed. 
Magnesia  and  lime  appeared  to  favor  the  crystallization  of  the 
carbon,  but  a  high  proportion  of  silica  in  the  m^ma  seemed  to 
act  adversely.  According  to  Hasslinger  and  WolfF,  a  carbide  is 
probably  first  produced,  from  which,  later,  the  carbon  separates 
in  adamantine  form.  L.  Franck  and  Ettinger*  claim  to  have 
found  diamonds  in  hardened  steel,  and  A.  Ludwig*  observed  their 
formation  when  an  electric  current  was  passed  through  an  iron 
spiral  embedded  in  powdered  gas  carbon,  in  an  atmosphere  of 
hydrogen  and  under  great  pressure.  In  a  later  investigation  Lud- 
wig **  fused  a  mixture  of  carbon  and  iron  in  an  electric  stream, 
and  then  suddenly  chilled  the  mass  by  admission  to  it  of  water 
under  a  pressure  of  2,200  atmospheres.  Under  these  conditions 
of  pressure  and  instantaneous  cooling  the  fused  carbon  solidified 
in  the  form  of  minute  diamonds.  With  slow  cooling  the  more 
stable  graphite  is  produced.    These  observations  accord  with  the 

>  Compl.  R«id.,  vol.  IIS,  1903,  p.  Sai. 

■  Ptim.  Rof.  Boa.  EdlnbiiT^  T<d.  11,  1880-81,  p.  X.  K.  ChrostdicA  (Zeltschr.  anorg.  C&nula,  vol.  4, 
18t3,  p.  472)  aiao  Obtabai  dJamoDda  bom  sdutlon  In  iQver.  UolMa  stlvo,  ht  atjt,  otia  dlnalve  about  6. 
pat  Ooit  of  OrtKn. 

'  Fnxi.  Roy.  Oae.,  vol.  30,  ISao,  pp.  188,  UO, 

<Compt.Reiii].,val.  llS,ieB3,p.213.  A)aaC.FrlBd<],ldam,p.224.  S«alaciq.Ifa](nna,AtUR.a(»id. 
UDcal,  Stfa  aa.,  tdI.  S,  pt.  2, 1897,  p.  Itl. 

*  AbAcact  in  Qaol.  Hag.,  isea,  p.  220. 

*  Ibnatah.  Chamla,  T<d.  23,  IMS,  p.  817. 

t  BHnnwb.  Akad.  Wlaa,  toL  112,  ItOS,  p.  U7. 

*CaNm.C«ittaIbL,18ee,pt.a,p.  57a.    From  Btahl  n.  Elan,  vol.  lO,  p.  SBI. 
"  ~         ~  "     g,  TDI.  SS,  1901,  p.  979, 

a,  VOLS,  1902, p. 373. 
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rec^it  conclusions  of  Moissan,*  who  finds  that  when  carbon  is 
raised  to  a  high  temperature  at  atmospheric  pressure  it  volatilizes 
without  fusion  and  on  cooling  always  yields  graphite  alone.  In 
Moissan's  work,  however,  external  pressure  is  not  applied.  It  is 
generated  by  internal  expansion  within  the  iron,  when  the  surface 
of  ihe  latter  is  suddenly  cooled.  The  addition  of  a  little  ferrous 
sulphide  to  the  fused  iron  seems  to  increase  the  yield  of  diamonds. 

According  to  G.  Rousseau,*  diamond  is  formed  at  ordinary  pres- 
sures when  acetylene,  generated  from  calcium  carbide,  is  decomposed 
by  an  electric  current  at  a  temperature  of  about  3,000°.  C.  V.  Bur- 
ton *  claims  to  have  obtained  diamond  crystals  from  solution  in 
molten  lead  to  which  about  1  per  cent  of  calcium  had  been  added. 
Finally,  Sir  William  Crookes  *  has  detected  diamonds  in  the  ash  of 
cordite  which  had  been  exploded  in  closed  vessels.  In  the  last 
instance  the  pressure  generated  must  have  been  very  high. 

In  nature  the  diamond  is  ordinarily  found  in  gravels  and  until 
recently  httle  was  known  of  its  parent  rock.  It  has  also  been 
discovered  in  several  meteorites,  as  in  the  meteoric  stones  of  Novo- 
Urei,  Russia,*  and  Carcote,  Chile,"  and  the  meteoric  iron  of  Canyon 
Diablo.'  The  Novo-Urei  stone  is  essentially  a  mixture  of  olivine, 
67.48  per  cent,  with  augite  23.82  per  cent)  and  therefore  resembles 
a  peridotite.  The  Canyon  Diablo  uron  contains  nodules  of  iron 
sulphide,  troilite,  which  recall  Moissan's  latest  experiments,  and 
also  graphite.  For  each  occurrence  the  artificial  production  of 
diamonds  furnishes  a  parallel — ^Hasslinger's  work  in  one  case, 
Moissan's  in  the  other. 

The  origin  of  the  diamond  as  a  mineral  seems  to  be  clearly  indi- 
cated by  the  f<Hr^oing  data.  It  is  formed  by  crystallization  from  the 
solution  of  carbon  in  a  fused  magma,  and  the  lattra,  in  most  cases, 
seems  to  have  bad  the  composition  of  a  peridotite — an  association 
whidi  is  also  seen  in  the  Novo-Urei  meteorite.  In  the  South  African 
mines  the  diamonds  occur  in  or  near  volcanic  pipes,  embedded  in  a 
decomposed  rock,  which  has  been  described  as  a  peridotitic  tu£F  or 
breccia.'  The  volcanic  character  of  this  matrix  or  "blue  ground" 
was  early  recognized,  and  several  authorities,  notably  the  late  H. 

lCaiipt.RCDd.,  vol.  140, 190I,p.  177.  Baa  also  Aniulea  chlm.  phm..  SUi  Mr.,  vol.  S,  igo£,  p.  174.  On 
dhunonda  fn  blait4aniaoa  >lag  and  tba  ocndlUau  of  tbafr  poaaltile  lormUlon,  sea  E.  flaiamer,  Oaatar. 
Zattaebi.  BvK-n.  Eatlviv.,vid.(i8,mO,  pp.  121,  tJB,  «0,  STD.  8«»  alio  P.  Neumann,  ZatUchr.  Kldc- 
trochemie,  T<d.  U,  ISOS,  p.  S17.  W.  tod  Btrittn  baa  rsportal  tbe  naystalUutlaa  itfdlammid  diijt,iiad«r 
thalnflatoceo<mt««yv^Kgdeclradtrcmaodlnmiunilgam,Z«ltadK.EIeotnieliBmlB,v(J.17,p.CT,lW^ 

■  Coimit.  Rmd.,  vcd.  117,  I8B3,  p.  161. 

•  Kttofa,  vol.  72, 1«0S,  p.  397. 

•  Pros.  Roy.  Boo.,  voL  n  A,  igoS,  p.  41S. 

>  H.  EnfM  and  P.  Latadilncdl,  Joai.  Run.  OiaoL  Boo,,  vol.  aO,  1S8S,  p.  ISB.  Abgtnct  b  Joui.  Cbm. 
Soc,  VOL  U,  last,  p.  394. 

•  W.  wm  md  J.  Phmow,  Bee.  Dmtedi.  dlam.  Oeaall.,  v<^  33, 1800,  p.  34G. 

'  0.  A.  Komlgand  A.  E.  Fodta,  Am.Tour.  SdL,  3dMr.,  vd.  42,1891,  p.  413. 

•  See  B.  CiriMD,  S  lahieab.  Va.  Srdkimda,  Ueta,  1883,  p.  138. 
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Carvill  Lewis,*  have  ascribed  the  origin  of  the  diamonds  to  the  sol- 
vent action  of  the  molten  peridotite  magma  upon  the  carbonaceous 
shales  through  which  it  has  penetrated.  In  some  cases,  however, 
these  shales  are  absent,  and  W.  Luzi'  has  shown  that  when  "blue 
ground"  is  fused  at  a  temperature  of  about  1,770"  the  diamonds 
which  it  contains  are  [terceptiblj  corroded.  That  is,  the  mf^;ma  iteelf 
is  proved  to  be  a  solvent  of  carbon  which  may  just  as  well  have  come 
from  below  as  from  contact  metamorphism.  In  Lewis's  papers  it  is 
pointed  out  that  in  a  number  of  other  regions  diamonds  are  asso* 
ciated  more  or  less  closely  with  rocks  of  serpentinous — that  is,  perido- 
titic — character.  T.  G.  Bonney,'  however,  baa  sought  to  prove  that 
the  true  matrix  of  the  Cape  diamond  is  eclogite,  from  which  he 
says  the  mineral  has  crystallized  as  an  original  constituent,  just  as 
zircon  crystallizes  from  granite.  The  very  intimate  association  of 
these  diamonds  with  garnet  lends  support  to  this  view.  On  the 
other  hand,  O.  F.  Williams  *  states  that  he  crushed  and  examined  20 
tons  of  eclogite  at  Kimberley  and  found  no  trace  of  diamonds.  He 
also  reports  a  Kimberley  diamond  which  contained  an  inclusion  of 
apophyllite.  If  the  dia^osis  was  correct,  it  throws  doubt  upon  the 
igneous  origin  of  the  gem,  for  apophyllite  is  a  highly  hydrous  mineral. 
According  to  H.  S.  Haider*  the  Vaal  River  diamonds  are  derived 
from  andesitic  lava,  and  H.  Merensky  *  reports  them  in  pegmatite  and 
diabase.  The  diamonds  recently  discovered  in  Arkansas,  however, 
are  associated  with  a  peridotitic  rock  closely  resembling  kimberlite.^ 

>  Papers  b«rora  tht  British  AssodaUvi  !□  ISSfl  and  1887.  In  full,  edited  by  T.  O.  Btnney,  Id  Pitpen 
and  DoUs  en  the  gsifsls  and  malrli  of  Ihs  dlBmond.  Lmdaa,  1S9T.  The  ■u^esUin  that  th«  ihalta  ai« 
the  sDurce  of  Ihe  corbdi  Is  adoptad  ttam  E.  J.  I>imn,  Quart,  laai.  OkA.  Boc.,  vol.  3T,  1B81,  p.  SOB,  Baa 
also  L.  De  Launay,  L«  dlamauta  du  Cap,  Paris,  18S7;  Q.  F.  Williams,  The  dlBmiud  mlate  ol  Sooth 
AiricB,  New  York,  1905,  2  vols.:  Sti  WnUain  rrooka,  Dlatncmda,  Lmdcn  and  Ntnr  York,  im;  and  P.  A. 
Wagnw,  Die  dlunantfUhrendaii  Oestalna  SUdafrlkaa,  Bvltn,  IBW.  Wagoar  gfrta  a  full  blbliagn^r 
lelatlTe  to  Soath  African  dlamoada.  An  English  cdlUai  i^pearad  In  1014.  For  bibliographic  noCaa  on 
diamond  lee  I.  A.  TbomMO,  Ecm.  Qeology,  toI.  S,  IStO,  p,  M.  Other  memnln  m  the  Booth  Abtaao 
diamonds  an  by  K.  Beck,  ZeHschr.  Deutsch.  gaol.  Qeaall.,  vol.  5S,  11107,  p.  2TS;  F.  H.  HaUh,  Natoie,  vol. 
77, 190S,  p.  334;  7.  P.  Johnscd,  Trans.  Inst.  HIn.  and  Uet.,  vd.  17, 1908,  p.  277;  and  F.  W.  Volt,  Eng,  and 
Wn.  Jmr.,  vol.  87,  IsOCi,  p.  7SQ.  For  a  lerleir  o(  several  memolra  upon  So<:ith  Atrloaa  dlammd,  >ee  E. 
KalHir,  Zeltscbi.  SryW.  Mhi.,  vol.  SI,  p.  3m,  iei2. 

•  Bar.  Deutsch.  cbeic.  Oeaell.,  vol.  U,  IGBI,  p.  2470. 

>  Ptdc.  Ho;.  Boc.,  vol.  65,  1^9,  p.  223.  Bonney'a  view  la  araplad  by  A.  L.  Da  Tolt,  Etovenfli  Ann. 
Rapt.  aeol.  CommlsBlon,  Cape  of  Oood  Hope,  1907,  p.  laS.  O.  B.  Corstorphlne  {Trans.  Oeol.  Boo.  South 
Africa,  vol.  10, 1907,  p.  05)  shows  that  the  supposed  adoglte,  In  which  be  found  diamonds,  consists  leall; 
ot  gamet-pTToieiie  liadalM  whioh  ue  indosed  In  the  Umberille.  These  nodules  are  ooncretlonary  In 
oharacta. 

•  Trans.  Am.  Inat.  Mln.  Bug.,  vol.  35,  IMA,  p.  440.  Aim,  Rapt.  Smithsonian  Inst.,  1W5,  p.  193.  On  an 
bdnslon  of  garnet  [n  diamond  see  I.  R.  Sutton,  Nature,  vol.  75, 1907,  p.  488. 

>  Trans.  Qeol.  Boc.  South  Alrica,  vol.  12, 1910,  p.  139.  Bee  also  E.  U,  V.  Uelvlll,  Idem,  p.  205,  on  stcoei 
from  the  Roberts-Victor  mine. 

•  Zeltschr.  pralct.  Geologie,  l«ae,  p.  155. 

'Seed.  F.  Kimiand  H.  S.  WasUngttn,  Am.  Jour.  BoL,  4th  av.,  voL  24, 1907,  p.  17S;  and  H.  D.  Htaer, 
BulL  U.  S.  Qeol.  Survey  No.  MO,  1914,  p.  534. 
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In  Brazil  diamonds  are  associated  with  hydromica  schisto  and  the 
pecuhar  form  of  quartzite  known  as  itacolumite;  and  O.  A.  Derby  * 
finds  no  evidence  of  ohvine  rocks  anywhere  in  the  dlEunoad-bearing 
region.  Similar  conclusions  have  been  reached  by  J.  C.  Branner,* 
who  states  that  the  diamonds  are  not  only  obtained  from  gravels, 
but  also  directly  from  decomposing  quarizite.  He  also  gives  a  full 
list  of  the  associated  minerals.  Furthermore,  near  Bellary,  Madras 
Presidency,  India,  M.  Chaper '  found  the  diamond  to  be  apparently 
derived  from  a  pegmatite  consisting  of  rose-colored  orthoclase  and 
epidote.  Near  Inverell,  New  South  Wales,  T.  W.  Edgeworth 
David '  found  diamonds  in  a  matrix  of  hornblende  diabase.  In 
short,  though  much  evidence  points  to  an  igneous  origin  for  the 
diamond,  it  is  not  necessary  to  assume  that  the  same  magma  has 
yielded  it  in  all  cases.' 

Oraphite. — Carbon,  more  or  less  impure.  Rhombohedral.  Atomic 
weight,  12;  molecular  weight  probably  below  that  of  diamond. 
Specific  gravity,  2.255.  Atomic  volume,  5.5.  Hardness,  1  to  2.  Color, 
steel  gray  to  black.  Fusibihty  unknown,  probably  above  3,000°. 
Combustible  at  temperatures  between  650°  and  700°.* 

Graphite  is  easily  produced  artificially.  It  is  a  common  constituent 
of  furnace  slags,  being  derived  from  the  fuel.  On  a  commerdal  scale 
it  is  made  by  heating  coke  in  the  electric  furnace,  in  which  process, 
according  to  E.  O.  Acheson,*  a  carbide,  possibly  carborundum,  SiC, 
is  first  formed.  O.  MOlhauser  *  has  shown  that  when  carborundum  is 
strongly  heated  the  silicon  is  vaporized,  leaving  graphitic  carbon 
behind.  These  reactions,  connected  with  Moissan's  discovery  *  of  car- 
borundum in  the  Canyon  DiaMo  meteorite,  associated  with  graphite 
and  diamond,  may  have  some  geological  significance.    The  fact  that 

I  Am.  Join.  BcL,  3d  ser.,  vol.  H,  lesi,  p.  34;  Jour.  OcDlogT,  tdI.  S,  IWS,  p.  121.  Fw  tb*  mlnsiBla  asso- 
Oliled  wltli  BraiUtatn  dlvmnd  sea  E.  Hiunic,  Ulo.  iiet.  Ultt.,  vol.  IS,  IWS-M,  p.  SS4;  uid  tlso  tn  Zallachr. 
pnkt.  OeologiB,  IBM,  p.  318.  Accocdiiigto  Hussiik,  the  minenls  al  th<  Bmilian  diamond  undi  ore  UwM 
derlvad  Irom  gruilM,  gneisses,  uid  older  scblsts.such  as  unphlboUte.  An  Important  urUsi  paper  uptm 
BnuiUui  dlunonda  Is  by  C,  Heuiser  and  O.  Ctorai,  Zeltschr.  Deutsdi.  gaol.  OchIL,  to].  11,  ISiB,  p.  U8. 
Two  laur  papers  by  Dcrb;,  relative  to  the  genesis  of  the  diamond,  are  In  Jour.  Qcology,  voL  IS,  p.  8Z7, 
19111  voLZO,  IRU.p.lEl. 

t  Am.  Jour.  ScL,  4th  Mr.,  vol.  )1,  Ull,  p.  480. 

'  Compt.  Raul,  vol.  W,  1884,  p.  IIS.  More  fully,  In  Bull  Son.  gdol.  France,  3d  ser.,  toL  14, 1885-8B,  p. 
no.   The  descdptlon  ol  tUs  p«gm*tlla  inggeste  a  reeemblance  to  (tie  nnaUte  of  Virginia  and  Nerlb 

•  Kept.  BrH.  Aasoc  Adv.  SoL,  IMt,  p.  GSi.  See  also  Chem.  News,  vol.  W,  1M7,  p.  146.  Aooording  to  J. 
A.  Tbcanpscn  <a«aL  Uag.,  IMft,  p.  we),  the  matrix  ol  tbe  Invoell  diamonds  is  doierlM. 

•  An  excellent  nuutograpb  on  tbe  diamond,  by  E.  Boatan,  [arms  a  volume  In  Fiemf's  EuoyclcQddle 
ehlmlqiH,  Paris.  18SS.  It  conclndea  with  a  vsy  full  bibUoRrapky.  OndianKindslnCallloni]a,BeeH.  W. 
Tnmec,  Am.  Oeotoglst,  vol.23,18M,p,  183.  For  a  theoretieal  dlaounioil  ni  tlie  muesit  ol  Ih*  dlMumd,  sea 
A.  Eoenig,  Zeltsobi.  Elektiodiemle,  vol.  12,  IBM,  p.  441. 

•  H.  UolsiBn,  Compt.  Bend.,  voL  135,  iwa,  p.  ezi.  OnUiespecUlogravttyofgraphlteBeeH.  LeChateller 
and  8.  Wologdfne,  Compt.  Head.,  *oL  146,  IMe,  p.  4V.  On  its  coalDdoit  ot  expansloo,  A.  L.  Da;  and 
B.B.8oenian,Jout.Wa9lilnglonAoad.Soi.,vol.  S,1912,p.2g4.  These  two  papen  relate  to  tbe  diflnlteneas 
olgn^^te  as  a  species. 

I  Jour.  Franklin  Inst.,  vol.  147, 1889,  p.  471. 

•  ZattsohT.  anoit:.  Chwnla,  vol.  s,  UM,  p.  111. 
'Compt.  Bend.,  voL  140,  UXB,  p.  406. 
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gr&phite  is  often  found  in  meteoritea  proves  that  it  has  not  necea- 
aarily  an  organic  origin,  an  assumption  wluch  is  sometimee  made. 

Qraphite  has  also  been  prepared  by  passing  vapois  of- carbon  bisul- 
phide or  carbon  tetrachloride  over  hot  iron,  but  these  processes  seem 
to  have  little  or  no  geol<^cal  significance.  Whether  such  aub- 
stances  occur  in  volcanic  emanations  is  so  far  a  matter  of  piure  specu- 
lation. So  also  is  E.  Weinschenk's  suggestion  >  that  metallic  car- 
bonyls,  rising  irom  geat  depths,  may  yield  graphite  by  their  decom- 
position. None  of  these  compoun(k  has  been  identified  in  nature, 
and  it  is  more  than  doubtful  whether  they  could  exist  at  magmatic 
temperatures.  J.  Walther '  is  inclined  to  attribute  the  Ceylon  graph- 
ite to  derivation  from  carboniferous  vapors  rising  from  the  interior 
of  the  earth,  and  it  is  possible  that  hydrocarbons  might  yield  the 
mineral.  M.  Dierache,'  studying  the  same  field,  ascribes  the  forma- 
tion of  the  graphite  to  the  infiltration  of  hquid  hydrocarbons  and 
tlieir  decomposition  by  heat. 

W.  Luzi  *  has  shown  that  amorphous  carbon  can  be  converted  into 
graphite  by  strong  heating  in  melted  potash  glass  containiog  calcium 
fluoride  and  water.  In  other  words,  graphite  can  occur  in  a  silicate 
magma,  either  in  consequence  of  its  contact  with  carbonaceous  matter 
or  as  an  original  constituent  brought  up  from  below.  In  fact,  graph- 
ite often  ori^ates  as  a  product  of  contact  metamorphism.  L. 
Jaczewsld '  r^ards  the  Siberian  mineral  as  having  been  formed  by 
just  such  a  transformation  of  coaly  matter  in  eruptive  magmas;  but 
there  are  many  occurrences  of  graphite  that  can  not  be  accounted  for 
in  this  way.  Weinschenk,*  for  example,  cites  instances  of  an  associa- 
tion of  graphite  with  the  higher  oxides  of  iron  and  manganese,  which 
amorphous  carbon  or  the  hydrocarbons  distilled  during  contact  of  a 
magma  with  coal  would  reduce  to  lower  forma.  In  these  cases  the 
metamorphosis  of  carbonaceous  shales  can  hardly  be  assumed.' 

From  what  has  been  said  it  is  evident  that  graphite  may  originate 
in  diverse  ways,  and  that  in  some  cases  its  mode  of  formation  is 
exceedingly  obscure.  Its  commonest  occurrences  are  in  the  cryatal- 
line  schists,  in  which  it  often  seems  to  replace  mica.  Graphitic 
granite,  gneiss,  mica  schist,  and  quartzite  are  all  well  known,  and  the 
Xiaurentian  limestones  of  Canada  contain  large  quantities  of  the 
mineral.  '[Hie  graphite  of  the  adjacent  Adirondack  r^on  is  attrib- 
uted by  E.  S.  Baatin  ^  to  the  dynamic  metamorphism  of  carbonaceous 

I  Contpt.  nmL  VIII  Cong.  gM.  faUvnat.,  vol.  1, 1900,  p.  iV7. 

>Z«ttBclir.  D«ilKh.E«(iL0mell.,Tal.11,  ISSe.p.ase.  For  a  full  acicoant  ol  ths  Cc^lm  grmphlta  lea  A.  K: 
Coaiiili»flirtiiir,QiiartJoui.a«iiLSoc.,vaLH,igaa,p.aa9.    Thiip^xroonubuaTalnbltblblicieimpb;. 

•  Jibrb.  K.-k.  gaol.  RelchnnjtalC  Wlen,  vol.  W,  19B8,  p.  171. 

•  B<r.T>aiitiifli.ehem.O«Ml].,  voLU,  l»l,p.  WSa.  ZtUaebi.  VaXarwlaaDa±altta,v6LM,mi,p.3at. 
*HaaM  Jahib.,  1901,  Bud  a,  nf.,  p.  74. 

•  Oompt.  rend.  Vin  (king.  gfcl.  inlanat.,  vol.  1, 1000,  p.  M7. 

I  On  tlM  tenwttai  ol  gr^jblte  In  «(taln  BoUi  HS  W .  Helnls^,  SlUnnsib.E.  Abd.  Wte.  WlNl^TtiLUO^ 
Abtb.  n  b,  isii,  p.  ss. 

•  3Eooo.  a«ologT,  vol.  E,  lUD,  p.  134. 
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BedimeDta.  T.  H.  HoUand,'  however,  has  destnibed  an  eleeolite  syenite 
from  India  in  which  graphite  appears  to  be  an  original  mineral;  and 
Moissan '  examined  a  pegmatite  of  unknown  locaJity  and  reached  a 
similar  conclusion.  Graphite  is  also  found  in  the  iron-bearing  basalts 
of  Ovifak,  Greenland,  embedded  in  feldspar  and  associated  with 
native  iron.'  Graphite,  then,  sometimes  appears  as  a  direct  separa- 
tion from  a  magma,  under  conditions  which  preclude  tii&  supposition 
of  an  oi^anic  origin,  or  interpretation  as  a  result  of  metamorphic 
action. 

NATIVE   METAI.S. 

Native  iron. — ^Isometric.  Atomic  weight,  55.9;  molecular  wdght 
unknown.  Specific  gravity,  7.3  to  7.8,  dependent  upon  the  impuri- 
ties. Atomic  volume,  7.2.  Color,  steel  gray  to  black.  Malleable. 
Luster,  metallic.    Hardness,  4  to  5.    Magnetic. 

Minute  grains  of  native  iron  are  not  uncommon  in  certain  erupttve 
rocks,  especially  in  basalts.  They  were  first  identified  by  T.  Andrews  • 
in  the  basalt  of  Antrim,  Ireland.  More  recently  they  have  been  found 
by  G.  H.  Cook  °  in  the  trap  rocks  of  New  Jersey;  by  G.  W,  Hawes  •  in 
the  dolerite  of  Dry  River,  near  Mount  Washington,  New  Hampshire; 
by  F.  Navarro  ^  in  the  basalt  of  Gerona,  Spain;  and  by  F.  F.  Horn- 
stein'  in  basalt  near  Cassel,  Germany.  In  the  New  Hampshire 
locaUty  they  occur  inclosed  in  grains  of  magnetite,  suggesting  a 
secondary  derivation  of  the  latter  mineral  from  the  metal.  There  are 
also  a  number  of  other  European  occurrences.'  E.  Huss&k  >**  found 
particles  of  native  iron  in  an  auriferous  gravel  in  Brazil;  and  A. 
Daubr^  andS.  Meunier"  have  described  small  masses  of  the  metal 
from  gold  washings  near  Berezovsk,  in  the  Ural.  These  masses  were 
notable  because  of  the  fact  that  they  contained  traces  of  platinum, 
but  no  nickel.     Their  specific  gravity  was  7.59. 

The  most  remarkable  occurrence  of  native  iron,  however,  is  that 
discovered  by  A.  E.  Nordenskiold "  in  1870,  at  Ovifak,  Disco  Island, 

1  uem.  Oeol.  Burve;  India,  toI.  30, 1901,  p.  201. 

>  Se«  E.  J.  V.  Steenatrup,  Ulnmalag.  Uag.,  vol.  e,  1884,  p.  1;  and  J.  LonORn,  ld«m,  p.  14.  Gi^Ute 
trom  Incliulocs  In  basalt  la  etao  described  b;  B.  Biaona,  CmtnlbL  Iftn.,  OeoL  a.  Pal.,  im,  p.  BT,  On 
Inoiganlc  grapbltfi  [rom  Lapland,  see  O.  Stutm,  Idem,  1007,  p.  433.  In  Zallschr.  [ffakrt.  OedoglB,  IDll^ 
p.  10,  StutHr  tios  El  long  article  on  gispliltB  deposits  and  their  orfgln.  See  also  A.  N.  WlDchell,  Boai. 
OeoloE7,  vol.  6,  liin,  p.  213.    On  the  gra^le  ol  soiit!ieHst«ni  PecnsylTanls,  oliaetsinoTpUi:  origin, » 


L.  Miller,  Emn.  Geokigr,vol.  7,1912,  p.  7IB. 

W.  AiBem,  Jour.  Ind.  Eng.  Cham.,  vol. 

Eept.  Brtt.  Assoc.,  1852,  pt.  2,  p.  34. 

Ann.  Bept.  Qeol.  Surrey  New  Jersey, 

Am.  Joor.  Bd.,  3d  sv.,  vol.  13, 187T,  p. 

Oeol.  CeutfalW.,  vol.  T,  1MB,  p.  184. 

Ceutralbl.  Uln.,  Oeol.  □.  Pal.,  IBDT,  p. 

See  tor  example.  A,  Scbwantke,  Cetttnilbl. 
Ml. 

>  Bol.  Coram,  geog.  e  geo!.  Sio  Paulo,  Ni 
I  Compt.  Rend.,  vol.  113, 1891,  p.  172. 
u  0«oL  Uag.,  1872,  pp.  460, 616. 


Ontlie  conversion  dI  amorphom  carbon  into  grapblta  >ee 
reo. 


I.,  Oeol.  u.  Pal.,  IMl,  p.  6S.  and  U.  Seebach,  Idsm,  IfllC^ 
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Oreenland.  Here  large  masses  of  iroiij  up  to  20  tons  in  weight,  had 
been  weathered  out  like  bowlders  from  the  basalt,  and  in  the  rock 
itself  lenticular  and  disklike  pieces  of  the  metal  were  still  embedded. 
At  first  the  iron  was  thought  to  be  meteoric,  hut  it  has  since  been 
proved  to  be  of  terrestrial  origin.'  In  nearly  all  respects  it  resembled 
meteoric  iron,  for  it  gave  the  Widmannstatten  figures  when  etched, 
contained  iron  chloride,  and  was  associated  with  magnetic  pyrit«e 
and  graphite.  Schreibersite,  the  iron  phosphide,  which  is  common  in 
meteorites,  is,  however,  absent  from  the  Ovifak  masses.  In  the 
sample  examined  by  Moissan '  graphite,  amorphous  carbon,  and 
grains  of  corundum  were  foimd. 

This  Ovifak  iron  is  somewhat  variable  in  composition,  as  the 
numerous  analyses  of  it  show.'  The  following  analyses  by  J.  Law- 
rence Smith  are  enough  to  indicate  its  general  character: 

Analyite  ofnalxix  vronfiwn  Oi/^al,  OntnUmd. 

A.  Bitemal  oxidlied  ooatiue  of  a  large  mass.   Spedflo  gcnvHj,  i. 

B.  PartliduoCtioDframtnWrlarDrUisiiiassA.   BpeclDc EravU;, 8.11. 

C.  Uallrald*  ODdulB  Inm  dolerlM.    Bpadflc  graTRr,  7.K, 

D.  An  trngulAr  mass.   Specific  giavltr,  S.W. 


A 

B 

C 

D 

76.21 
16.56 
1.08 
.4S 
.08 
1.12 
.14 
1.36 

le  :; 

93.16 
2.01 
.80 
.12 
.41 
.32 
2.34 
.02 

90.17 
6.50 
.79 
.13 

Oo                   

p                 

w, 

1.54 

4.50 

101.53 

99.18 

W.13 

99.03 

The  terrestrial  nature  of  this  iron  is  abundantly  proved  by  the 
observations  of  Steenstrup,  who  found  it  disseminated  throughout 
large  bodies  of  basalt  in  place.  It  is,  therefore,  a  part  of  the  rock 
itself,  but  concerning  its  origin  there  has  been  much  discussion.  Was 
it  present  in  the  original  magma  or  reduced  by  carbonaceous  matter 
on  its  way  up  from  below?  Tlie  latter  supposition  is  admissible, 
for  Daubr^e,*  by  fusing  a  Iherzohte  with  carbon,  obtained  pellets  of 

>  There  Is  sbundvit  Iltentuie  on  this  subject.  See  especlellr  K,  J.  V.  Steenstrup,  MIdbsIi^.  Vug., 
iiiiLS,l38(,p.  1;  }.  Lofmten,  Idem,  p.  U;  3,  LanienceSmlth,  AnDBlescblm.  phys.,6thsa'.,  vol.  IB,  ISTD, 
P.4S1;  andA.  I>subree,£tudcs3ynttieUqiuadeg«iilogleeip<rlmaitale,  IBT^ip.  BK. 

■Campt.  Bend.,  vol.  lie,  im,  p.  1260. 

•  See  the  memolts,  alnedy  dted,  by  KordcnsUetd,  Lorenirai,  and  Smllh.  Alio  E.  S.  Dana,  Syitam  ol 
■BiDenlogy,  6th  ed.,  p.  28. 

'  ttndes  synlWHques  de  gSologle  eip^lmenlale,  187B,  pp.  S17,  Hi. 
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metallic  iron,  containing  nickd  and  almost  identical  in  composition 
with  the  specimens  from  Greenland.  FurthOTmore,  as  Daubr^ 
observes,  beds  of  lignite  axe  found  on  Disco  Island,  and  graphite  is 
closely  associated  with  the  native  iron.  The  other  alternative,  how- 
ever, is  not  excluded  from  consideration,  and  it  may  be  that  the  iron 
came  as  such  from  great  depths  below  the  surface  to  teach  us  that 
the  earth  is  essentially  a  vast  meteonte  and  that  its  interior  is  rich 
in  uncombined  metals.*  If  the  reduction  theory  held,  we  ^ould 
expect  to  find  similar  occurrences  of  native  iron  wherever  basalts  or 
peridotite  had  penetrated  carbonaceous  strata.  The  rarity  of  the 
substance  would  seem  to  indicate  a  profounder  origin. 

In  several  localities  metaUic  grains  or  nodides  which  approach 
native  nickel  in  composition  have  been  found  in  gravels.  In  mete- 
orites the  nickel  rarely  exceeds  6  or  7  per  cent,  but  in  these  tOTreatrial 
products  its  proportion  is  usually  much  higher.  From  the  drift  of 
Gorge  River  on  the  west  coast  of  New  Zealand  W.  Skey '  obtained 
grains  of  this  character,  which  were  associated  with  magnetite,  tin- 
stone, native  platinum,  etc.  This  awaruite,  as  Skey  named  it,  is 
derived,  according  to  G.  H.  F,  Ulrich,'  from  neighboring  serpentines 
or  peridotites.  The  josephinite  of  W,  H.  Mdville  *  from  placer  gravels 
in  Josephine  and  Jackson  counties,  Oregon,  forms  pebbles  up  to  sev- 
eral grams  in  weight  and  also  occurs  near  large  masses  of  serpentine. 
Its  specific  gravity  is  6.204.  In  the  sands  of  the  Elvo,  near  Biella, 
Piedmont,  A.  Sella  '  foimd  minute  grains  of  a  similar  substance,  but 
its  geological  origin  was  not  determined.  Their  specific  gravity  was 
7.8.  Soueeite  consists  of  similar  grains,  found  by  G.  C.  Hoffmann' 
in  sands  of  the  Fraser  River,  in  British  Columbia.  They  were  asso- 
ciated with  native  platinum,  iridosmine,  gold,  etc.,  and  had  a  specific 
gravity  of  8.215.  These  grains  are  doubtless  derived  from  perido- 
tite. Stm  more  recently  a  similar  nickel  iron  from  the  south  fork  of 
Smith  River,  Del  Norte  County,  California,  has  been  described  by 
G.  S.  Jamieson,^  who  has  also  reexamined  the  mineral  from  Or^on. 
The  analyses  are  as  follows : 

I  Sh  olao  E.  B.  dc  Chaiu»uTl(iis,BuU.Soc.gtel.  Fianm.ToLM,  IS72,p.210.  C.  WfnUer(B«.  Uatlu 
ph}-!.  Clasaa,  E.  licbs.  Ocsell.  Wisa.,  Febru&r]>  i,  1900)  suegssla  that  Iran  and  nickel  ma;  have  bean 
brought  up  Irom  belov  u  oubonyls,  Nl(CO)i,  Fe(COli,  and  f«i(CO)T— oompounds  whkAi  deoompoae 
easQr.  depoaltbig  their  melali  In  thstreesHtc.  Compure  WeloBchenk'i sugEwtlon u  to giqihtta, aula, 
p.  317. 

>  Truis.  New  Ztalmd  Hut,  vol.  IS,  ISU,  p.  Ml. 

>  Quart.  Jour.  OeoL  Soc.,  vol.  4S,  ISSO,  p.  619. 
•  BulL  i;.  8.  Oml.  SuiTsy  No,  113, 1691,  p.  64. 
>Compt.  Rend.,  voL  113, 1S91,  p.  171. 

<  Am.  Jour.  BcL,  llh  amr.,  rol.  19,  IBDS,  p.  31B. 

■  Idem,  p.  413.  Jamlesou  aiets  that  the  oi 
Awatults  Is  also  repoTt«d  Irom  the  Yukon  b; 
1910-11,  p.  261). 
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Analytet  of  niekel  ir 


on,   D.  D«lNortaCoanli',Iunle- 
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67.63 

.70 

31.02 

60.45 
.55 

23.22 
.55 

68.61 
1.07 

19.21 

68.46 
1.07 
18.97 

76.60 
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22.02 
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Fe,S, 

.22 

.05 
.69 

.05 
.66 

1.20 
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p 

.04 

.04 

.12 
'  ■i2.'26' 

SiO, 

.43 

.10 

.19 

RilWtw 

1.16 

S.45 
.50 

9.97 
.44 

MgO 

.81 
L12 
.0* 
Ti-ace. 
.70 

cr. 

CO, 

100.00 

100.55 

00.62 

■99.75 

99.88 

101.8 

The  silicate  in  Melville's  analysis  was  mainly  serpentine,  with  what 
appeared  to  be  an  impure  bronzito.  The  probable  derivation  of  the 
nodules  from  pmdotite  is  thus  materially  emphasized.  With  these 
substances  two  meteorites  only,  or  supposed  meteorites,  can  be  com- 
pared. That  found  in  an  Indian  mound  in  Oktibbeha  County,  Mis- 
sissippi, contained  59.69  per  cent  Ni  and  37.97  per  cent  Fe;  and  that 
from  Santa  Catarina,  Brazil,  carried  63.69  Fe  with  33.97  Ni.  These 
masses,  however,  are  only  presumably,  not  certainly,  meteoric. 

Occasionally  native  iron  is  found  of  secondary  origin  produced  by 
the  obvious  reduction  of  iron  compounds.  On  North  Saskatchewan 
Eiver,  70  miles  from  Edmonston,  beds  of  lignite  have  burned,  reduc- 
ing the  neighboring  day  ironstone  to  metfdlic  iron.  According  to 
J.  B.  Tyrrell,'  masses  of  iron  which  weigh  from  15  to  20  pounds  can 
be  picked  up  in  thia  locality.  G.  C.  Hoffmann'  has  described  spher- 
ules of  iron  in  limonite,  found  in  fissures  in  quartzite  on  St.  Josephs 
Island,  Lake  Huron;  and  again  from  a  pegmatite  of  Cameron 
Township,  Ontario.'  The  exact  origin  of  tiiese  Canadian  irons  is 
not  clear.  Finally,  E.  T.  Allen*  has  analyzed  soft,  malleable  iron 
from  boring  at  three  points  in  Missouri,  where  it  occurred  in  sedi- 
mentary rocks  not  far  from  beds  of  coal.     The  following  analyses 

>  Am.  four.  SoL,  3d  wr.,  vol.  33,  ISBT,  p.  73. 

*Tnnt.  Roy.  Soo.  Canada,  vol.  8,  pt.3, 18V0,  p.3V. 

•  Ann.  Bef>t.  OeoL  Survey  Canada,  tdI.  S,  1803,  p.  13  R. 

1  Am.  IiHiT.  ScL,  Ith  WT.,  vol.  4, 1887,  p.  SB.  OUwrixcuiTencesalntitundlyiedDoedlronaienported  by 
'  A.  A.  IiKntmiiiBa,Q«>LZeDtialbL,ie08,p.eil,  from  RiissbDlaland,  near  Vladivostok,  and  by  E.PftiroSD  Ik, 
Ocsterr.  Zeitadir.  Bsrg-  u.  Hflllenv.,  voL  53,  IVIO,  p.  327,  bom  BhoCley  Bridge,  Rujlaad.  On  Iron 
brmed  onder  post  by  the  reduoUoD  olbog  Iron  oiBKS  A.  E.  EuplleT,Cbem.ZeQtralbl.,  1913,  p.  53. 
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of  these  prcductB  wUl  aerve  to  show  the  great  difference  between  them 
find  the  supposedly  magmatic  irons  described  in  the  preceding  pages: 

Analyut  o/rtativt  iron  ofueondary  origin. 

Vtom  Bt.  Joeepha  IiUnd,  Hoffmum.   SpaciDe  gnvlty,  9M12. 

Tiom  CaiDeroD  Township,  OntaiiD.    Amlysls  bji  Johmloii  lor  naOmuin,    SpralHo  grsTlCy,  7.07. 

From  CBmeioD,  Uinoarl,  Allen. 

Fnm  Weoubtean,  Ulasouri,  AUnn. 

FiDin  BiddeD,  Mlasoiirl,  Allen. 
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88.00 
.10 
.21 
.61 
.09 
.12 
.96 
(?) 

90.46 
Trace, 

None. 

.75 

None. 

Undet. 

Undet. 

99.16 

99.39 

Cu 

1 

.207 
.065 

.37 

Undet. 
.13 
.31 

c 

9.76 
Undet. 

7.26 

99.75 

98.46 

99.802 

99.83 

98.926 

Not  only  iron  but  other  native  metals  may  occur  as  primarj  con- 
stituents of  igneous  rocks.  Platinum,  with  its  companions,  osmium, 
iridium,  rhodium,  ruthenium,  and  palladium,  are  associated  with 
chromite  and  olivine  in  peridotites.'  W.  Moricke '  has  found  pri- 
mary gold  in  a  pitchstone  from  Guanaco,  Chile,  and  Q.  P.  Merrill' 
has  described  a  granite  from  Sonora  in  which  it  also  appears.  Still 
other  examples  are  cited  by  B,  Beck.*  The  metallic  constituents  of 
magmas,  however,  have  received  very  httle  attention  so  far,  and  their 
number  may  be  greater  than  it  is  now  supposed  to  bo. 
SUIiPHIDES. 

Pyrite. — ^Isometric.  Composition,  FeSj.  Molecular  weight,  120. 
Specific  gravity,  4.95  to  5.10.  Molecular  volume,  24.  Color,  brass- 
yellow;  luster,  metallic.     Hardness,  6  to  Q.5. 

PyTThotiie. — Hexagonal  and  orthorhombic.  Two  modifications  are 
known.  Composition  uncertain,  varyingfrom  FcjS,  to  FenS,,.  Specific 
gravity,  4,6.  Color,  bronze-yellow  to  copper-red;  luster,  metallic. 
Magnetic.  Hardness,  3,5  to  4.5.  Whether  troilite,  FeS,  which  is  a 
common  mineral  in  meteorites,  is  identical  with  pyrrhotite  or  not  is  a 
disputed  question.' 

I  Bae  J,  F.  Kamp,  DuU.  U.  8.  Oeol. 
(Bming  natlTB  plallnum,  with  many 

■  Uln.pet.  ICItt.,  vol.  12,  ISSl.p.  II 

■  Am.  loui.  BcL,4th  aoi.,  vol.  1,  ISM,  p.  309. 

•  Lehre  von daaEntegonUltten, Med.,  1903.    SeeaboW.  n.  Weed,  Eog.Uid  Uin.  ToOT.,  voL  17, 
p.  440,  and  R.  W.  Brock,  Idem,  p.  Gil. 

•  SeoS.  Uaunler.Aunalnaelilm.pliyi.,  4tb9eT.,vol.  17,  ISSS.p.  36,  and  Q.  Linck,Bcr.  Deutscb.c: 
0<sdl.,  TOL  33, 1899,  p.  SBS. 
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Both  pyiite  and  pyirhotite  are  common  though  minor  accessory 
constituents  of  igneoua  rocks.  Pyrite  is  found  under  a  great  variety 
of  associations,  but  pyrrhotite  is  more  characteristic  of  the  ferromag- 
nesian  varieties,  such  as  gabbro,  diabase,  diorite,  and  basalt. 

Pyrriiotite  has  been  observed  as  a  furnace  product,  and  both  species 
can  be  made  artificially  by  various  processes.  Those  which  explain 
the  formation  of  sulphides  in  sedimentary  rocks  will  be  considered 
in  ano^er  connection,  but  the  following  experimental  data  bear  upon 
their  occurrence  in  igneous  formations. 

J.  Durocher,'  by  mingling  the  vapor  of  iron  chloride  with  hydrogen 
sulphide  in  a  porcelain  tube  heated  to  redness,  obtained  small  crystals 
of  pyrite.  By  heating  magnetite  to  whiteness  in  hydrogen  sulphide, 
T.  Sidot '  produced  crystals  which  appeared  to  be  identical  with 
troihte.  TroiUte  was  also  formed  by  R-  Lorenz,'  who  heated  iron 
to  redness  in  a  stream  of  H,S.  C.  Doelter,*  on  the  other  hand,  by 
the  same  reaction,  and  also  with  amorphous  ferric  oxide  or  hematite 
instead  of  metaJhc  iron,  obtained  pyrite.  When  ferrous  carbonate 
or  sulphate  was  used,  troihte  was  formed.  All  of  these  methods  are 
general.  With  other  metals  or  their  salts  other  crystallized  sulphides, 
identical  with  natural  minerals,  can  be  produced.  In  brief,  gases  or 
vapors  which  exist  in  volcanic  exhalations  can  so  react  upon  one 
another  as  to  develop  crystalline  sulphides.  The  latter  appear  in  or 
upon  ihe  solidified  rocks,  but  preferably  in  rocks  which  have  cooled 
under  pressure.  By  pressure  the  reacting  vapors  are  confined  within 
the  magma,  and  can  not  readily  escape. 

Metallic  sulphides,  fairly  crystallized,  can  also  be  formed  in  the  wet 
way,  when  appropriate  mixtm'es  are  heated  togeUier  in  sealed  tubes.- 
H.  de  Senarmont'  heated  various  metaUic  solutions  with  hydrogen' 
sulphide  or  alkaline  sulphides  in  this  manner  with  great  success,  and 
when  iron  salts  were  taken  pyrite  was  formed,  C,  Geitner  •  also  ob- 
tained pyrite  by  heating  powdered  basalt  witii  water  and  sulphurous 
acid  to  200°.  DoeltCT '  prepared  pyrite  by  heating  hematite,  mag- 
netite, or  siderite  with  hydrogen  sulphide  and  water  for  72  hours  to 
80°  or  90°,  When  the  same  investigator  *  heated  ferrous  chloride 
with  sodium  carbonate,  water,  and  hydrogen  sulphide  for  16  days  to 
200°  he  obtained  pyrrhotite,  provided  that  air  was  excluded  from  his 
tubes.    In  presence  of  Mr  pyrite  was  formed. 

>  Compt.  Rand.,  vol.  31,  ISSl,  p.S23.  For  an  earlier  afnlheBli  of  pyiile  am  F.  WHblei,  Llablg'i  Amukn, 
ToL  U,  p.  2t»,  ISM. 

>  Idem,  vol.  M,  IMS,  p.  12(17. 

■  Ber.  Deutsch.  cbem.  OesalL,  vol. »,  1891, p.  ISDt. 
I  Zeitadhr.  'Kiyvt.  Ufa.,  vol.  II,  ISSS,  p.  30. 

•  Compt.  Rend. ,  vol.  33,  ISfil,  p.  40B. 

•  Ann.  Cliem.  Fliaim,,  vol.  L»,  ISU,  p.  tSO. 
r  ZelUohr.  Kiyst.  Uln.,  toI.  11, 1386,  p.  30. 
t  MIn.  pet.  UW.,  Tiri.  7,  i8S6-«l,  p.  S36. 
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According  to  W.  Feld,*  when  iron  salts  are  precipitated  by  an 
alkaline  polysulphide,  ferrous  sulphide  and  sulphur  are  thrown  down. 
If  the  solution  is  then  neutralized,  or  made  very  feebly  acid,  and 
boiled,  the  precipitate  is  rapidly  transformed  into  the  bisulphide. 
Alkaline  substances  retard  or  hinder  the  transformation,  reducing 
agents  hasten  it.  In  ail  formations  of  pyrite  by  the  wet  way  the 
monosulphide  seems  to  be  first  produced.  In  a  still  more  elaborate 
investigation  E.  T.  Allen,  J.  Johnston,  J.  L.  Crenshaw,  and  E.  S. 
Laisen  ^  report  that  pyrrhotite  is  formed  by  the  direct  union  of  iron 
and  sulphur  and  also  by  the  dissociation  of  pyrite  in  an  atmosphere 
of  HjS  at  a  temperature  of  550°.  At  575°,  the  reverse  change  takes 
place,  and  pyrite  is  ^ain  formed.  Pyrrhotite  exists  in  two  modifica- 
tions, hexagonal  below  138°,  orthorhombic  above  that  transition 
temperature.  The  variation  of  pyrrhotite  from  troilite  is  ascribed  to 
the  presence  of  sulphur  in  "sohd  solution"  in  the  monosulphide.* 
In  meteorites  the  excess  of  metallic  iron  renders  the  formation  of  pure 
troilite  possible. 

Pyrite  was  produced  by  Allen  and  his  colleagues  not  only  from 
pyrrhotite,  but  also  by  the  action  of  hydrogen  sulphide  upon  solutions 
of  iron.  From  acid  solutions,  at  100°,  under  pressure,  its  relatively 
imstable  isomer,  marcasite  was  formed.  Warmer  alkahne  solutions 
yielded  pyrite.  At  450°  marcasite  is  transfonned  into  pyrite, 
and  therefore  it  can  not  occur  as  a  magmatic  mineral.  Marcasite 
is  only  found  in  sedimentary  formations  and  metalliferous  veins. 
FossO  shells  consisting  entirely  of  marcasite  are  well  known,  and  inte- 
mediate  mixtures  of  pyrite  and  marcasite  are  common.  The  two 
species  probably  differ  in  molecular  arrangement,  but  the  evidence 
iipon  this  point  is  far  from  conclusive.  Various  structural  formulse 
have  been  proposed  for  them,  but  none  has  been  definitely  estab- 
lished.* 

Pyrrhotite  and'marcasite  both  alter  into  pyrite  and  all  three  species 
alter  into  limonite,  goethite,  hematite,  and  sulphates  of  iron.  Perfect 
pscudomorphs  of  hmonite  after  pyrite  are  common.* 

Another  modification  of  FeS,,  black  and  amorphous,  has  been  de- 
scribed by  B.  Doss,*  who  names  it  melnikovite. 

'  Zeftsohr.  Bnge*.  Chemfc,  vol.  24, 1911,  p.  VI. 

>YearbiMkCuiM(leliist.  Waslitiigtan,mo,p.  IM;  Am.  lour.  8d.,«b  ifr.,Tal.S),p.ies,  1«1I.  Many 
Cdfrenoes  tollKntoKitn  Elven.  Be«  ftlao  Allen,  Jcini.  Washloeton  Acad,  Bel.,  vdL  I,  p.  170, 1911:  and 
Allen  BDd  Crenshaw,  Am.  Jimr.  Bd.,  1th  ser.,  vol.  38,  p.  393, 1S14. 

■  The  vHlatkin  may  posatbly  be  due  ratlier  to  admlxtureg  ot  a  hlghei  sulphide  ol  Iron,  FeiSi  or  FeA, 
compmuids  whloh  are  not  definitely  ksavn  tiut  are  tlieoretknll;  rational. 

<  BeeE.  Welnscbenk, Zeltschr.  Eryat.  Hin.,  vol.  17,lSeO,p.  Ml;  A.  P.  Brown,  Proc,  Am.  Phflos.  Boc.,  vol. 
33,18M,p.  ^;  and H.  N.Btolna, Bon. U.S.  Oeol. Survey Ko.  180, 1901.  Stokes dewtibes many elabante 
txperiments  upon  the  relative  nlabillty  of  pytfte  and  morcaslu  In  chemkal  reagents.  See  also  Q,  W. 
Flummei,  Thesis,  Univ.  Pennsylvania,  ItllO. 

'ForalnlldlscuastonoltliealletBllonsotprrlMsee  A.  A.  Jullen,  AraialsNewTork  A«d,  Bd.,  vol.3, 
1888, p.  3M;  vol.  4,i887,p.  ISS.  ApaperontheorlglDof  pyrite,  by  A.  B.  WUtoey,  It  in  Eeon.  Ofdogy, 
vol.  8, 1913,  p.  4S5. 

<  Neaea  Jahtb.,  Bell.  Band  33, 1913,  p.  601. 
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Each  of  iheae  synthetic  processes  finds  some  equivalent  in  nature. 
Drf  gaaea,  wet  gases,  and  alkaUne  solutions  charged  with  hydrogen 
sulphide  can  assist  in  producing  the  minerals  which  are  now  under 
consideration,  with  other  rarer  species  of  the  same  class.  The  magmas 
contain  the  reagents,  and  the  reactions,  or  reactions  like  those  just 
described,  naturally  follow.  In  most  cases  the  sxilphides  appear  aa 
secondary  minerals,  but  they  are  sometimes  primary.  J.  H.  L,  Vogt ' 
has  shown  that  sulphides  are  actually  soluble  in  silicate  magmas, 
especially  at  the  higher  temperatures,  and  that  they  are  among  the 
earhest  minerals  to  crystallize.  Certain  of  the  pyrrhotite  deposits  of 
Norway  he  r^ards  as  the  direct  products  of  magmatic  segregation. 

Several  other  sulphides  occasionally  appear  as  primary  minerals 
in  igneous  rocks.  Molybdenite,  MoS,,  is  common  in  granites,  and 
J.  F.  Kemp,'  in  a  pegmatite  dike  in  British  Columbia,  found  masses 
of  bomite,  which  appeared  to  be  an  ori^al  constituent  of  the  rock. 
In  the  augite  syenite  of  Stokd,  neu*  Brevik,  Norway,  the  arsenide, 
Idllingite,  FeAsi,  appears  to  have  crystallized  before  the  feldspar. 
The  p^matitee  of  that  region,  as  described  by  W.  C.  BrOjger,  also 
contain  molybdenite,  zinc  blende,  pyrite,  galena,  and  chalcopyrite.* 
Some  of  these  occurrences,  and  many  occurrences  of  pyrite  also,  are 
doubtless  secondary. 

FI>ITORID£S. 

Flutfriie. — ^Isometric.  Composition,  CaF,.  Molecular  weight,  78.1. 
Specific  gravity,  3.18.  Molecular  volume.  24.5.  Hardness,  4. 
Colorless,  yellow,  red,  blue,  green,  purple,  violet,  etc. 

Fluorite,  although  most  abundant  as  a  vein  mineral  and  in  sedi- 
mentary formations,  is  also  found  as  a  minor  accessory  in  granite, 
gneiss,  quartz  porphyry,  syenite,  elseolite  syenite,  and  the  crystalline 
schists.  W.  C.  Br6gger '  reports  it,  both  as  an  early  separation  in 
the  augite  syenites  of  Norway  and  also  as  a  contact  mineral.  It 
sometimes  appears  on  volcanic  lavas  as  a  sublimation  product,  or  as 
the  result  of  the  action  of  fluoriferoiis  gases  upon  other  minerals.*    It 

iDtoBDIkfttadimeliHlBiinsaa.pt.  1,  ieaj,p.»S.  8«e  >l>o  Zallachr.  prakt  Qeologl*,  1896,  p.  IS;  sad  Ttwis. 
Am.  iBgL  Ifin.  Eng.,  IMl,  p.  131.  Fur  mlpUdcB  fn  slags,  hs  3.  H.  L.  Vogt,  IfinenlbllduiLg  tn  Sctuiub- 
IIIM»||.  rtiihllnnlt.  inm  eeeil9aJ.E.Spun',Tnu3.Ani.l]iit.Ub).Eii(.,ToL33,I90S,p.ao>,i»AlulcaD 
p^iAotlMb  A  nmatbbl«  pvldotlte  A  East  DnlcD,  itaim,  cmtalnlng  lU  p<r  cent  of  prnhotita,  la 
dnolbed  bj  E.  S.  Butin  In  lour.  Otdcey,  vol.  IS,  1908,  p.  124. 

*  Tistt.  Am.  Tnrrt  Hln.  Eng.,  toI.  31, 1901,  p.  ISZ.  S«e  alao  W.  n.  EmmoDS,  BuU.  V.  B.  OeoL  Survey 
Na.  m,  1910,  p.  43,  <■!  Bulybdcnlte  in  the  granltHi  o[  Ualne.  R.  Bnuuu  (CmtnUd.  Hlo.,  Oeol.  u.  PbL, 
laOB,  p.  ST)  Imnil  mdrbdailCe  In  Inoluilona  In  txtralt.  O.  StuUer  (Zelladir.  pnkt.  Oeologto,  1907,  p.  371) 
bM  doarllMil  magmatk  bumits  from  South  AMca.  Quloopyrlte  and  bocnlte  u  prlmarr  mfaurab  in  a 
moutmltiodlken^Apax,  Cdcirada,hBvebMirepa-t«db;E.  S.BuUaaod  J.U.HUL  Ecco.  Oaologr, 
T<4.  8,  p.  488,  leil.    See  alw  E.  Hove,  Econ.  Oealog7,  voL  ID,  191E,  p.  288. 

'    >  Bm  Zeltsdir.  E>;it.  Mia.,  vol.  16,  pt  2,  ISM,  pp.  5-11.     For  vfry  mmpleta  analyMa  of  Normghn 
pyrite,  see  E.  Boettkv,  Rev.  gfti.  chlm.  pure  et  app.,  vol.  9,  p.  3S3. 
<  ZellKihr.  Eiyil  Wa.,  Tol.  le,  pt.  2, 1890,  p.  SS. 

•  Idem,  vol.  7, 1883,  p.  B30.  Abitiaot  ot  memoir  by  A.  Scacdil.  For  a  stady  of  the  gasis  ooelDded 
l>y  flnorile,  see  H.  W.  Hone,  Proo.  Am.  Acad.,  vol.  4!,  1906,  p,  S§7.  Acmrdlng  to  H.  Becqu««l  and 
H.  IfolasBn  {Bull.  Soo.  ehtm.,  3d  acr.,  vol.  S,  18S1,  p.  154)  free  Duorbu  In  aomatlmea  prcMDt  W.  J.  Ilum- 
pbray*  (Aitn^ys- Jour.,  VOL  W,  1901,  p.  2W)  found  ipectroscopii:  (raoasof  yttrium  and  ytlerbhun  hi  many 
ftum^Ki.    o.Drt)afai(Compt.Raid.,Tid.l43, 190e,p.  3»)b1sd  bund  tarblum, gaddlntiun, dyiproBhim, 
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is  also  produced  as  a  secoDdary  mineral  from  the  decomposition  of 
vartous  fluosilicates.  It  alters  into  calcite,  bein^  attacked  by  perco- 
lating waters  containing  caloium  bicarbonate  or  alkaline  carbonates. 
Crystallized  calcium  fluoride  has  been  prepared  by  several  processes, 
but  they  shed  little  light  upon  its  presence  in  igneous  rocks.' 

Several  other  fluorides  are  found  associated  with  granites  or  p€^ 
matites,  such  as  tysonite,  fluocerite,  yttrocerite,  etc.  More  important 
by  far  is  the  mineral  cryolite,  which  forms  a  laige  bed  in  Greenland. 
According  to  F.  Jobnstrup,*  it  is  a  conci-etionary  secretion  in  eruptive 
gianite.  A  more  recent  writer,  R.  Baldauf,'  regards  the  cryolite  as 
having  been  formed  by  the  action  of  fluoriferous  gases  upon  the 
original  granitic  magma.  Cryolite  is  also  found  sparingly  at  Miask, 
in  the  Urals,  and  in  the  granites  of  Pikes  Peak,  Colorado.*  It  is  a 
double  fluoride  of  aluminum  and  sodium,  Na^lF,.  Fluorine  com- 
pounds, it  must  be  observed,  are  rarely  foimd  in  eruptive  rocks. 
They  are  especially  characteristic  of  the  deep-seated  or  plutonic  rocks, 
where  the  gaseous  exhalations  have  been  retained  under  pressure, 
and  are  commonly  regarded  as  of  pneumatolytic  origin. 

CORUNDUM. 

Rhombohedral.  Composition,  aluminum  oxide,  A1,0,.  Specific 
gravity,  3.95  to  4.10;  of  the  purest  material,  4,0;  molecular  weight,' 
102;  molecular  volume,  25.6.  Colorless  when  pure,  but  ordinarily  col- 
ored yellow,  gray,  green,  red,  or  blue  by  traces  of  impurity.  Emery 
is  a  mixture  of  corundum  with  magnetite  or  hematite,  and  sometimes 
spineL  Fusible  at  2,050°  C,  according  to  C.  W.  Kanolt.*  Hard- 
ness, 9,  thus  ranking  among  natural  minerals  next  to  diamond. 

Crystallized  alumina,  artificial  corundum,  has  been  produced  by 
various  methods.  These  are  well  smnmarized  in  the  works  of  Bour- 
geois and  Fouqufi  and  L6vy,  and  in  the  memoir  by  J,  Morozewicz.' 
They  may  be  briefly  grouped  as  follows:  First,  by  direct  fusion  of 
amorphous  alumiaa.  Second,  by  the  crystallization  of  alumina  from 
solution  in  various  molten  fluxes,  such  as  potassium  bichromate, 
sodium  molybdate,  borax,  lead  oxide,  etc.  Most  of  these  processes 
find  no  equivalent  in  nature.  Third,  by  the  decomposition  of  alum- 
inum chloride  or  fluoride  by  water  at  high  temperatures — methods 

1  See  the  works  bj  Biauna,  Bourgmb,  and  Fouqud  and  Livy  tited  elsewhere  b  Ibis  chaplv, 

•  atedb;  F.  Zfrkel,  LehrbuRh  der  Fetrogniphle,  vol.  3,  p.  444.  The  orlgfaial  memalr  bf  Johnstnipls 
not  within  m7  rtaoh. 

>  Zeltsohr.  prakt.  Oeidogie,  ISIO,  p.  432.  Baldauf  gives  h  good  dascriptloD  of  (he  ranr  mlncnls  ossoolatad 
wlthlheocroUla.    SeealaoO.  B.  DSgglld,  Zdtschr.  Kiyst.  Uln.,  vol.  51, 1013,  pp.S91,  £14. 

•  W.  Cram  and  W,  F.  HDlebrand,  Bull.  U.  S.  Oeol.  Surre;  No,  20. 

■  The  OTtllnair  roundad-off  stomlo  wdghta  may  be  used  for  compuUtlons  of  molecular  weights  Bud 

<  Jour. Waahlngtai  Acad.  Scl., vol.  3, 1913,  p.  31S.  Other  determlnatlaus  ot  the  melting  polDt  an:  Hem- 
pel,  l,asa-:  Uolsan,  2,2S0':  and  RuO,  2,010*. 

<  Fouqu«  ood  L4vy,  Synlbtae  dee  mtn^raux  et  da  rochee,  Paris,  13S2.     L.  Bourgeois,  Beprodoctlcn  arti- 
aclaUe  des  mtuAwx,  fn  I^ony'a  EncyotopMie  ddmlque,  vol.  2,  bC  appendix.   1~ 
ifitt,  \A  18,  use,  p.  23. 
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which  may  shed  some  light  upon  the  formation  of  corundum  as  a 
contact  mineral,  or  as  a  constituent  of  metamorphic  rocks.  In  some 
of  these  reactions  horic  acid  plays  a  part.  Four^,  by  the  decomposi- 
tion of  other  minerals,  such  as  muscovite.  Finally,  by  crystallization 
of  artificial  magmas. 

It  is  not  necessary  for  our  pTU'poaes  to  examine  these  processes  in 
detail.  It  is  enough  to  select  from  among  them  those  which  seem  to 
be  the  moat  significant.  F.  HautefeuiUe  and  A.  Ferrcy,^  for  example, 
dissolved  alumina  in  melted  nepheline,  and  found  that  upon  cooling 
the  greater  part  of  it  crystallized  out  as  corundum.  The  association 
of  corundum  with  certain  nepheline  syenites  can  be  rationally  studied 
in  the  light  of  this  obserration.  With  leucite  a  similar  result  waa 
obtained;  but  an  artificial  potassium  nepheline  gave  no  similar  reac- 
tion. A.  Brun '.  prepared  corundum,  together  with  anorthite,  by 
heating  a  mixture  of  40  parte  siUca,  37  lime,  and  120  alumina  to 
whiteness  for  three  hours.  Fusion  of  the  mixture,  however,  gave 
him  only  glass.  When  the  alumina  was  reduced  to  23  parts,  zoisite 
was  formed.  W.  Bruhns '  obtained  corundum  in  the  wet  way  by 
heating  alumina  for  10  hours  to  300°  in  a  platinum  tube  with  watOT 
containing  a  trace  of  ammonium  fluoride;  but  at  250°  no  crystallize 
tion  took  place.  By  similar  reactions  hematite,  quartz,  tridymite, 
and  ilmenite  were  prepared.  These  experiments  strengthen  the  sup- 
position that  the  fluorine  compounds  contained  in  Tolcanio  exhala- 
tions may  assist  the  natural  formation  of  the  minerals  named.  P. 
Hautefeuille's  synthesis  of  corundum '  by  the  action  of  moist  hydro- 
fluoric acid  upon  alumina  at  a  red  heat  is  another  illustration  of  the 
same  principle.  It  is  typical  of  a  considerable  number  of  mineral 
syntheses.  That  the  fluorides  exe  not  essential  to  the  formation  of 
corundum,  however,  is  shown  by  the  experiments  of  G.  Friedel.* 
When  amorphous  alumina  is  heated  to  450-500°  with  a  solution  of 
soda,  conmdum  and  diaspore,  HAIO,,  are  both  produced.  At  530- 
535°  corundum  alone  formed,  and  at  400°  only  diaspore.  If  the 
alumina  contained  a  httle  siUca,  crystals  of  quartz  appeared.  By  a 
similar  reaction  between  ferric  hydroxide  and  soda  solution,  Friedel 
obtained  crystals  of  hematite.  E.  S.  Shepherd  and  O.  A.  Bankin  * 
converted  precipitated  alumina  into  crystalline  corundum  by  simple 
heating  at  about  200°. 

From  a  geol<^cal  standpoint  some  very  important  experiments 
upon  the  genesis  of  corundum  are  those  of  Morozewicz,'  who  studied 

1  Bull.  Bdc  mm.,  vol.  ii,  IBK,  p.  147. 

>  ArclL  scL  pbyB.  nut. ,  M  a«.,  vol.  26, 1891,  p.  339. 

•  Nnin  J&taib.,  1SW,  Band  2,  p.  83. 

•  AmulMOhlm.  pli;S,,4tbsv.,ml.  4, 1865,  p.  UL 

•  Bull.  Soc  mln.,  vol.  14,  IMl,  p.  8. 

•Am.  Joui.  Bel.,  4th Mr.,  TDl.  3S,  isn,  p.  m. 

'lttn.pM.Ultt.,vol.  I8,im,pp.2i-a3.   AlnZaftldu.  X:i7lt.lCbL,T«l.M,Ua5,p.ai. 
97270°— BuU.  616—18 22 
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the  conditions  of  its  deposition  from  a  cooling  magma.  Ee  worked 
with  artificial  magmas  upon  a  rather  lai^e  scale,  using  the  furnaces 
of  a  glass  factory  in  preparing  his  melts;  and  he  found  that  when- 
ever the  alumina,  in  comparison  with  the  other  bases,  exceeded  a  cer- 
tain ratio,  the  excess,  upon  cooling  the  fused  mass,  crystallized  out 
completely  either  as  corundum,  as  spinel,  aa  sillimanite,  or  as  iolite.' 
The  qualifying  conditions  are  as  follows: 

An  alumosilicate  magma  in  which  the  molecular  ratio  of  the 
bases  CaO,  E^O,  Na,0  is  to  AlaO,  as  1:1  is  said  to  be  saturated  with 
respect  to  alumina.  If  more  alumina  is  present,  the  magma  is  super- 
saturated, and  the  exceBS  will  be  deposited  as  one  or  another  of  the 
above-named  minerals.  If  we  write  the  general  formula  for  the 
magma  of  RO.mAl,0,.nSiOj  the  following  rules  are  found  to  apply; 
First,  if  ma^eeia  and  iron  are  absent,  and  th^  value  of  n  lies 
between  2  and  6,  the  excess  of  alumina  will  crystallize  wholly  as 
corundum;  but  if  n  is  greater  than  6,  sillimanite,  or  sillimanite  and 
corundum,  will  form.  With  magnesia  or  iron  present  in  an  amount 
above  0.5  per  cent,  and  with  n<6,  spinel  is  produced,  or  spinel  and 
corundum  together.  With  n>6,  the  m^nesia  and  the  excess  of 
alumina  will  go  to  form  iolite,  or  ioUte  and  spinel.  In  each  case  the 
alumina  in  excess  of  the  ratio  EO:  A1,0, ::  1: 1  is  completely  taken 
up  in  the  formation  of  the  several  species  named.  The  balance  of  the 
alumina — the  normal  alumina,  so  to  speak — will  obviously  appear  in 
other  minerals,  such  as  anorthite,  nepheline,  alkaU  feldspars,  etc., 
whose  nature  will  depend  upon  the  bases  which  happen  to  be  asso- 
ciated with  it,  and  a3so  upon  the  proportion  of  silica. 

Previous  to  the  appearance  of  Morozewicz's  memoir  it  was  com- 
monly supposed,  but  without  good  reason,  that  corundum  was  not  a 
true  pyrogenic  mineral.  It  was  best  known  as  occurring  with  meta- 
morpbjc  rocks,  and  especially  in  limestones;  and  it  had  been  observed 
as  a  product  of  contact  action,  although  rarely.*  When  corundum 
was  found  in  igneous  rocks  it  was  regarded  as  derived  from  acci- 
dental inclusions,  and  not  as  a  primary  separation  from  the  magma. 
The  work  of  Morozewicz  modified  these  beliefs  and  shed  new  light 
upon  the  problems  of  petrology.  The  conmion  association  of  corun- 
dum with  spinel,  iolite,  sillimanite,  andalusite,  and  kyanite  at  once 
became  significant,  and  in  accordance  with  the  rules  developed  by 
Morozewicz. 

Pyrogenic  corundum,  according  to  A.  Lagorio,*  is  found  in  alumo- 
silicate rocks  only  when  the  latter  contain  over  30  per  cent  alumina, 

iCordlartM.    The  nuns  lolitahaa  prlnrltf  uid  la  (Imi  pnfennoa  b;  Duu. 

■  E.  Boat  [Qeol.  Ubk,  .  im,  p.  WS)  foond  conmdom  In  contacU  between  Knatte  H>d  d*y  bUU  on  Dirt- 
nloar  In  DeroDsbln.  A.  E.  CoomWevimy  (Quart.  Jour.  Qeol.  Boa.,Tol.  67, 1901,p.  189)  obMrredltU 
oantAOta  betwceo  granite  and  mleuaooi  qnertdte  near  Uoiieii,  Fiuua.  The  oomndmn  me  Uitf««Mi> 
dated  with  lOl Imimlte,  anteluelto,  aptael,  ete.  OnBnocourreiioeofoDnindtunlnbBKtlteeeE.SchOimilin, 
SHnmpb.  DatnrhJBt.  Vcr.  preuB.  Bhebilude  u.  WcMblen,  igu,  pt.  3,  p.  81  A. 

•Zelt1ehr.Kr7st.IIln., vol. M,IBe9,p.!S6.   ThhrnemoiroontaloiBt 
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aod  such  rooks  are  rare.  Lagorio  cites  analyses  of  sereral  examples, 
and  Morozewicz  '  himself  deecribes  others.  K^chtymite  is  an  anoT- 
thite  rock  containing  up  to  59.5  per  cent  of  corundum;  a  corundum 
syenite  with  1S.5  per  cent  consists  largely  of  orthoclase  and  albite, 
and  a.  corundum  p^matite  with  35.4  per  cent  has  similar  composi- 
tion. All  these  rocks  are  from  the  Ural  Mountains.  A  corundum 
anorthosite  analogous  to  kyschtymite  has  been  described  by  W.  O. 
Miller'  from  Canada;  and  corundum-bearing  nepheline  syenites, 
according  to  A.  P.  Coleman,'  are  also  found  in  the  same  region.  In 
the  Coimbatore  district,  Madras  Presidency,  India,  T.  H.  Holland  • 
found  large  crystals  of  corundum  in  an  albito-orthoclase  rock  near  its 
contact  with  eheolite  syenite.  They  were  associated  with  chrysoberyl 
and  zinc  spiud,  zinc  oxide  and  glucina  having  here  played  the  part 
usually  assigned  to  magnesia  in  the  commoner  magmas.  In  the  Bid- 
well  Bar  quadrangle,  California,  A.  C,  Lawson  *  found  a  dike  of  an 
oligodase-corundum  rock  cutting  pendotite. 

The  solubility  of  alumina  in  peridotite  magmas — that  is,  in  mag- 
mas free  from  lime  and  alkalies— seems  not  to  have  been  experimen- 
tally investigated.  The  corundum  of  North  Carolina  and  Georgia, 
howevo",  is  associated  with  rocks  of  this  class,  and  whether  it  was 
derived  by  fractional  crystallization  from  the  olivine  rock,  dunite, 
or  from  contact  action  with  adjacent  gneisses  is  an  open  question. 
The  latter  view,  which  ia  that  of  the  earlier  writers  upon  these  locali- 
ties, was  advocated  by  T.  M.  Chatard,'  but  J.  H.  Pratt '  argues  in 
favor  of  a  pyrogenic  origin.  According  to  Pratt,  the  corundum 
crystallized  from  the  fused  dunite  along  the  cooler  surfaces  of  con- 
tact with  the  surrounding  rocks.  In  these  deposits  spinel  occurs  but 
rarely.    The  corundum,  emery,  and  iron  spinel  of  the  "Cortlandt 

>)lln.pat.  lUtt.,  ToL  IS,  1S98,  pp.  112,319.  For  piunit  purpona  tbs  miliar  aooaiaoiT  mtumla  In  thm 
raekt  m&T  be  IsDorad. 

•  Am.  OKdogbt,  toL  M,  18W,  p.  ITS. 

•  Joar.  Ofwlog;,  mL  7, 18M,  p.  <3T.  A.  lyaclU  from  Uontuu,  ooDtalnliif;  31  pai  <nnt  o(  coiundum  hu 
baandncrlbKlbyA,  F.  fiaKan,JouT.  0«oloEy,Tol.  10, 1911,p.  74S. 

<  lilam.  0«aL  Surve;  India,  toL  30, 19D1,  pp.  301,  X6.  For  Indian  oonindom  M  genanl,  wa  Hollsiid, 
Uanual  otgroJogj  of  IdiUb,  Eoonomlo  geolcgr,  pt.  1;  F.  B.  Uallet,  Rec.OeoL  Survey  India,  vol.  S,  1873, 
p.  3D;  VOLS,  1873,  p.  4S;  andC.  S.UlddlemIss,  Idem,  voL  39,1399,  p.  39.  ICallM  dncrlbM  beds  of  oamnduin 
tagnalm.  A  rsioBrkaUs  corandun)  rock  bom  Indtat  iadaacribad  li;  J.  W.  Judd  In  Ufnenilog.  U>c.,vdL 
U,lS96,p.£«.  ForBumiBaeoocuiTeiioea,SBoC.  D.Brown  Mid  ]udd,Pro<j.  Hoy.  Soo.,  vol.  S7, 1896,  p.aST. 
On  tba  aanmdiuii  (nnuUte  ol  Waldhehn,  Baxony,  lee  £.  Kalkowsky,  AUiandL  Nalunrlss.  OeMlL  lata, 
Jxij-Dta.,  190T,  p.  47. 

>  BuIL  Dept.  Oaology  Dniv.  Callfomta,  voL  8, 1903,  p.  319. 

•  BoU.U.B.Osol.SQmy  No.43,lSS7,p.l6.  Cbatard  glvu  abundant  ralerenoaa  to  lllanturg.  SaaalM 
P.  P.  ElDg*!  raport  upon  Georgls  oonutdum  (BulL  OeoL  Surrey  Osotgla  No.  3,  UM),  which  coutalna  a 
blUloeniiby  of  Amarkau  puUIcatlans  upon  tlia  subject.  A  similar  pnbUcUloii  by  J.  V.  Lewis,  on  Mortfa 
Can>lliiaoorundam,farmi  BulL  No.  U  ol  the  North  Carolina  Geol,  Survey,  1896.  VoLlofthaNoitbCaio- 
Uiia  OeoL  Bomy,  1909,  by  Pratt  and  Lewis,  is  a  valuable  mouogiapb  on  ooruadum  aod  diromlta. 

'  An.  Join.  BoL,  1th  get.,  tdL  S,  ISas,  p.  19;  vat.  8, 1899,  p.  137.  Id  ICtaiaralog.  Mag.,  ml  13, 1899,  p.  139, 
J.  W,  Judd  and  W.  B.  Hidden  have  a  paper  upon  Ilorth  Canlina  roliy;  olio  tn  Am.  Jour.  SoL,  ttb  ear., 
m.  a,  us»,  p.  tTO. 
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seriea"  in  Nev  York  were  r^arded  by  O.  H.  Willianis*  as  segre- 
gations in  norite.* 

At  Yogo  Gulch,  in  the  Little  Belt  Mountains  of  Montana,  corun- 
dum is  found  in  dikes  of  l&mprophjre  which  contains  too  little 
alumina  to  satisfy  the  conditions  laid  down  by  Morozewicz.  The 
occurrence  has  been  carefully  studied  by  W.  H.  Weed  •  and  L.  V. 
Firsson,*  who  believe  that  the  corundum  w^  not  in  this  case  a  con- 
stituent of  the  original  magma,  but  that  is  has  been  produced  by  the 
action  of  the  latter  upon  inclosed  fragments  of  clay  shale  or  lime- 
stone. This,  of  course,  is  a  sort  of  contact  action,  but  its  mechanism 
is  not  clearly  worked  out.  The  thermal  decomposition  of  minerals, 
especially  of  silicates,  has  so  far  been  inadequately  studied.  Under 
what  neutral  conditions  can  alumina  be  liberated  from  its  silicates  t 
This  is  a  question  which  demands  investigation,  but  it  may  be  noted 
here  that  Vemadsky,'  by  fusing  muscovite,  obtained  sillimanite  and 
corundum.  Natural  corundum  evidently  may  originate  in  more 
than  one  way,  and  no  single  process  can  account  for  all  of  its  occur- 
rences. 

Notwithstandmg  the  fact  that  corundum  is  one  of  the  most  refrac- 
tory of  minerals  toward  aqueous  solvents,  being  insoluble  in  even  the 
strongest  acids,  it  is  not  absolutely  unalterable  by  them.  S.  J. 
Thugutt '  found  that  corundum,  upon  prolonged  heating  with  water 
to  about  230°  in  a  platinum  digester,  became  appreciably  hydrated. 
The  product  of  the  reaction  after  336  hours  contained  5.14  per  cent 
of  combined  water.  Even  at  100°  in  an  open  vessel,  some  hydration 
occurred.  A  similar  prolonged  treatment  of  corundum  with  a  solu- 
tion of  the  silicate  KjSi^Oi  converted  it  into  a  substance  having  tJie 
composition  of  orthoclase,  while  sodium  silicate  produced  a  com- 
pound resembling  analcite.  In  nature  reactions  of  this  kind  are 
conceivably  possible,  but  they  must  be  very  slow;  in  the  laboratory 
the  acceleration  due  to  temperature  and  pressure  accounts  for  much 
of  the  change.  However,  alterations  of  corundum  are  common,  and 
Thugutt's  experiments  give  us  some  notion  of  the  way  in  which  they 
were  probably  effected.  By  water  alone  corundum  may  be  trans- 
formed into  diaspore,  HAIO,,  which  is  one  of  its  frequent  associates. 
By  further  or  coincident  action  of  salts  dissolved  in  percolating 
waters  the  alteration  of  corundum  can  be  modified,  and  a  consider- 

■  Am.  Jour.  Bd.,  3d  Mr.,  vol.  33, 18S7,  p.  IM. 

<  FoTBnMCOuntDfthBemw?  mine  at  Chester,  Uu8BchiiMtta,M«B.E.£meisan,  Hon.  D.  S.  OeoL  Bop- 
Vej,ToL3a,  lSSg,p.  U7.  Id  BdIL  XJ.  B.  OeoL  Survey  No.  2W,  IKi.I.  H.  Piatt  glvu  ft  very  oampleta  uoount 
ol  the  ooiundum  and  emery  of  the  United  States,  together  with  much  hifonnatlon  upon  foreign  localltlw. 
For  the  smeiy  of  Naios,  Bee  S.  A.  PapavasfUu,  0«al,  CeutralbL,  ml.  8,  leos,  p.  n. 

•  Twentieth  Ann.  R«pt.,  V.  B.  OeoL  Bnrvey,  pt.  3, 1900,  p.  454. 

<  Idem,  P.U3;  Am.  Jour.  BoL,4tbMr.,vtiL4,lg97,  p.421.  See  alio  O.  F.  Emu,  Am.  Jour.  BoL,  1th  ev., 
TOL  4, 1887,  p.  417. 

•  cited  by  Uorouwloi,  Uta.  pet.  Ultt.,  vol.  IS,  1888,  p.  IS. 

•  HiMnldMmlKflie  Stndiui,  Doipat,  1S01,  p.  IDi 


..Google 


BOCK'KIBHINO  laVBBALS.  841 

able  number  of  other  minerals  may  be  produced.*  Among  them 
gibbsite,  spinel,  siUimAnite,  kyanite,  andalusite,  pyrophyllite,  musco- 
vite,  paragonite,  chloritoid,  mai^arite,  zoisite,  feldspars,  tourmaline, 
and  various  venniculites  and  chlorites  have  been  recorded,*  Some  of 
these  reported  alteration  products  are  doubtless  secondary  and  not 
due  to  the  direct  transformation  of  corundum,  but  on  this  subject 
there  is  much  uncertainty.  The  envelopment  of  one  mineral  by 
another  does  not  necessarily  establish  the  derivation  of  the  second 
from  the  first.  The  field  observations  and  the  study  of  natural  speci- 
mens need  to  be  reenforced  by  experiments  in  the  laboratory  before 
accurate  conduBions  concerning  the  alterations  can  be  drawn. 

THE   8FENBL8. 

Spind. — ^Isometric.  Composition,  MgAliO^.  Molecular  weight, 
142.5.  Spedfic  gra^'ity,  3.5.  Molecular  volume,  40.7.  Usually 
colored  violet,  green,  or  red  by  unpurities.    Ha-'dness,  8. 

Hereynite. — Isometric.  Composition,  FeAljO^.  Molecular  veight, 
174.1.  Specific  gravity,  3.93.  Molecular  volume,  44.3.  Color,  black. 
Hardness,  7.5  to  8. 

These  minerals,  together  with  gahnite,  ZoAl^O^,  magnetite, 
Fe"Fe"',04,  magneaioferrite,  l<^Fe,0^,  franklinite,  and  chromite, 
form  a  natural  isometric  group,  in  which  there  are  many  intermediate 
mixbires.  In  the  general  formula  R"R"',0^,  B"  may  be  mag- 
nesium, ferrous  iron,  zinc,  or  manganese;  and  B.'"  is  represented  by 
aluminum,  ferric  iron,  trivalent  manganese,  and  chromium.  In 
pleonaste  we  have  an  intermediate  magnesium  iron  spinel,  and  in 
picotite  chromium  appears.  Structurally  the  formula  of  spinel  is 
commonly  written  0-Al-O— Mg— O— Al-0,  but  this  should  not 
be  taken  as  a  finality.  It  is  not  tiie  only  expression  possible,  nor  has 
its  validity  been  proved. 

I  foradfaconkuiotttierMOtJaiu  wbkb  iraanpposMl  to  produo*  tha  BltcnUona  of  conmdum,  n»  C.  B. 
Van  Hka,  Hon.  U.  S.  OooL  Snrrv,  toL  17,  UM,  pp.  313-339. 

•  r.  A.  Ocntli,  Pioe.  Am.  Phan.  eoc,  *oL  13, 1873,  p.  Ml;  toL  30, 1883,  p.  tSl;  Am,  lODt.  SSL,  Id  Mr., 
«0L8B.18W,p.«7.    Th«ailKip«mi«  lull  oldWalliraganUin  ail 
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The  following  aaalysee  of  spinels  shov  the  wide  Toriations  in  their 
composition: 

Anatftet  <iftpintU. 

A.  BoMtpttW.CtTloD.   AmJysbbrH.Ableh. 

B.  FnmVaaTtDi.    Analjala by &. Abkft.    Aiial;aHAuidBctt«dtK>mI>ui>'gS78t«noriiitiunIac;, 

C.  From IhcnollW,  AaTcrgne.   Aiulyslsby  F.FlMUll,Campt.  Bemd.iToL  SS.ISM.p.W. 

D.  From  PTiDxanlU,  Hontana.    Analyilt  by  L.  a.  EbUds,  Bull.  U.  S.  Oaol.  Surrey  No.  220,  IIUS,  p.  3D. 

E.  PlcoDUM  from  DMT  PMkildO.Ksir  York.   AnalyBkbyC.  A.  Wolla,  Am.  Jour.  8cI.,adaa.,T(d.tS, 
IBSft,  p.  SU. 

F.  Ho^nlU  from  th«  BnmunraU.   Amlyik  by  B.  Qnadnt,  Ltoblg^  AnDsltn,  vol. »,  ISU,  p.  SS7. 
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Membera  of  the  spinel  group  have  been  made  artificially  by 
methods  which  generally  recall  those  mentioned  under  conmdum. 
For  example,  S.  Meunier '  fused  a  mixture  of  alumina,  magnesia, 
cryolite,  and  aluminum  chloride,  and  obtained  spinel  crystals.  In 
another  investigation'  he  produced  them  by  heating  aluminum 
chloride  and  water  with  metallic  magnesium  ia  a  sealed  tube.  These 
processes,  with  others  which  have  been  described,  may  perhaps  repre- 
sent in  a  broad  way  the  pneumatolytic  methods  of  nature.  The  pro- 
duction of  spinel  by  the  fusion  of  appropriate  magmatic  mixtures  is, 
however,  the  process  of  greatest  importance  geol(^cally,  and  some  of 
the  conditions  attending  its  formation  have  been  already  described 
under  corundum.  E.  S.  Shepherd  and  G.  A.  Eankin'  have  pre- 
pared spinel  by  direct  fusion  of  its  constituent  oxides.  The  details 
of  Morozewicz's  experiments  need  not  be  repeated  here.*  An  inter- 
esting emphasis  is  given  to  them  by  the  observations  of  O.  Linck,* 
who  found,  in  a  German  gabbro,  spinel  associated  wlt^  siUimanite 
and  corundum.* 

Spinels  are  also  formed  by  the  brealdng  down  of  other  minerals, 
or  by  the  reactions  of  two  or  more  species  upon  one  another.    Accord- 

<  Compt.  RcDd.,  vol.  104,  IBST,  p.  1111. 

'Idsm,  vol.  90,  isaa,  p.  TOl. 

'Am.  Jddt.  BdL,  Uh  iw.,  vol.  38,  IWS,  p.  3SS. 

•  B«a  alag  I.  H.  Ii.  Vogt,  UtnenlbOdimf!  fa  Bohmdmuoau,  pp.  18«-2(S. 

•  SlUangsb.  E.  Aksd.  Wis.  BerUn,  1SS3,  p.  47. 

•  Sn  Bin  W.  Sftlonum,  Zstaobr.  OMtsoti.  gtoL  0<«d]. ,  tdI.  12,  ISW,  1 
I0«kslnltal7. 
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iog  to  Veraadsky,^  spinel  is  among  the  compounds  produced  by 
the  fusion  of  biotite,  an  observation  which  has  been  confirmed 
by  C.  Doelter.*  F.  W.  Clarke  and  E.  A.  Schneider '  found  it  to  be 
formed  when  cllnochlore  and  xanthophyllite  were  strongly  ignited, 
and  Doelter'  also  obtained  it  by  fusing  the  fiist-named  species. 
Tourmaline,  pyrope,  and  spessartite  also  yield  spinel  among  the 
products  of  their  fusion.* 

According  to  Fouqu6  and  L6vy'  spinel  and  melanite  are  formed 
when  uephelite  and  augite  are  fused  together,  and  Dodter  and 
Huasak*  obtained  spinel  from  a  mixture  of  fayalite  and  sarcolite. 
U.  Vudnik  ^  found  that  a  mixture  of  mf^atite  and  anorthite  gave 
recrystaUized  anorthite,  hercynite,  and  glass,  the  m^;netite  having 
disappeared.  Similar  observations  with  augite-eleeoUte  and  conm- 
dum-elseolite  mixtures  were  made  by  B.  Vukits.' 

Spinel,  especiaUy  pleonaste,  is  a  common  accessory  mineral  in 
gneisses  and  in  many  eruptive  rocks.  Picotite  is  more  chwacter- 
istic  of  the  peridotites  and  the  derived  serpentines.  Spinel  is  a 
frequent  companion  of  corundum  and  also  of  emery,  as  at  Chester, 
Mass.,  and  in  the  norite  at  Crugers,  N.  Y.*  A  number  of  remarkable 
spinel  rocks  from  Elba  have  been  described  by  P.  Aloisi."*  A  troc- 
tolite  from  Madagascar,  rich  in  spinel,  is  reported  by  A.  Lacroix." 
Many  of  these  occurrences  are  easily  interpreted  in  the  hght  of 
Morozewicz's  experiments.  The  other  experiments,  cited  above, 
explun  the  appearance  of  spinel  as  a  contact  mineral.  In  many 
cases  it  appears  in  limestones  as  a  product  of  contact  metamorphism. 
Its  alterations  seem  to  have  been  little  studied,  but  a  diange  into 
steatite  is  mentioned  in  the  literature. 

ChTomiie. — Isometric.  Normal  composition,  FeCrjO*,  but  with 
variable  replacements  of  Fe"  by  Mg  and  of  Cr  by  Al  and  Fe'",  as 
in  the  otiier  members  of  ike  spinel  group.  Specific  gravity,  4.32 
to  4.57.  Color,  black.  Hardness,  5.5.  The  following  analyses  are 
fairly  typical:" 

1  atai  bf  J.  Uonuewtci,  If  In.  p«t.  Wtt.,  vol.  IS,  18SB,  p.  N. 
■  N«un  Jahrb.,  1 W,  Bead  1,  p.  1. 

•  BoU.  V.  S.  a«al.  Bmvty  No.  113, 18CS,  p.  30. 

•  Oodttt,  loc  cU.,  IDr  tonniutUna.  0.  DoelKr  and  G.  Eonak,  Neon  Jahrti.,  13S4,  Biiidl,p.U7,  lor 

•  STDlhtoe  dn  nbAaax  M  dM  rodua,  p.  M. 

•  N«iUBlalirb.,  1884,  Bind  1,  p.  IGT. 

iC<iitiB]bLUbi.,a«ol.u.P>L,l«ll,p.2BT.  CiltlclMd  by  J.UoiDunrlci  In  th«  aune  journal,  lWfi,p.lW. 

•Idmi,ll)M,pp.  nO,T43. 

>a.H.  Wmiuna,Am.Ionr.SoL,ldMr.,Tal.U,lSS7,p.lH.  SMtboI.  H.  Pratt,  Bnll-U.S.  OwL 
Bnrrvr  No.  309,  IMS,  p.  34. 

H  Ptoo.  vsrb.  Boo.  tosc.  >d.  nat.,  vol.  U,  p.  BO. 

u  Bull.  Boo.  mbt.,  vol.  EI,  1*08,  p.  3IB. 

BA  Y«7«>mplalaaollaoUouof(!hiamIt«anal;sa,downto  18S4,wlthUt«ratiirBr«f(rme<a,liglvMilaH. 
B.  Wadawnrth'i  Llthalocloal  sCudln:  Uem.  Uus.  Comp.  Zool.  Harrvd  Coll.,  vol.  11,  ISM.  A  mlncnl 
from  Serbia,  of  oomposltlon  FeiOi.CiiOi,  has  been  named  cbromlttta  b7  tf.Z.Jovttoctilbali,Hana(ih. 
Cbamle,  vol.  30,  UOB,  p.  W.    AJw,  laUc,  BulL  Soo.  Uln.,  vol.  81,  lUl,  p.  Sll. 
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Anafyu)  ofduotmle. 

A.  ntnn  TUil]t7 of  VaaSnrB,  Brttbh  CcJnmbb.   Chrompkottto.   Analjob  by  B.  A.  A.  JofambA,  lev 
Q.  C.  Hottmami,  Am.  Jour.  Sol^  4tb  Mr.,  toL  13,  llOl,  p.  »2. 

B.  From  CoiuDdaia  BUI,  NtrtbCtroUDa.   AinJ;Abr  C.BMkarrlD^tdrT.  H.Fntt,Am.  Jouc.  Sd^ 
4tti  ser.,  vol.  T,  18M,  p.  381. 

C.  From  Wabstar,  Ncrth  CaroIlD&.   Analrsb  b;  H.  W.  Foot*,  to  Pntt,  loo.  ctt. 

D.  From  Poit  ta  Pdt  Bar,  NsTfoondlaiid.   Ain];ita  b;  E.  'Wslla,  fix  0.  W.  Uajnari,  Trans.  Am. 
set.  lUn.  Eog.,  Tol.  XT,  lSg7,  p.  J33. 

S.  FTDin  Tampad&I,  lomc  Bllasla.    Analysb  by  LMunynakl,  (V  H.  Tnabe,  ZtitKhr.  DmMolL  (mL 
a«all.,  ral.  «,  UM,  p.  DO. 
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The  earlier  s^nthesea  of  chromite  seem  to  kave  little  or  no  geo- 
logical bearing.  S.  Meunier,'  however,  who  prepared  chromite  by 
oxidizing  an  alloy  of  iron  and  chromium,  attributes  its  ori|^  to  a 
similar  reaction  occurring  in  nature.  He  supposes  that  such  an 
alloy,  like  platinum  and  nickel  iron,  can  be  brought  up  from  the 
interior  of  the  earth  to  be  oxidized  by  vapors  when  it  Dears  the 
surface.  Unfortunately,  no  such  alloy  has  yet  been  found  in  the 
rocks,  and  in  meteorites  chromite  iteelf  is  a  conmion  mineral. 

Chromite  ia  eesentially  a  constituent  of  peridotites  and  of  the 
serpentines  derived  from  them.  It  is  one  of  the  earUest  species 
formed  during  the  solidification  of  the  magma,  and  its  larger  deposits, 
when  it  occurs  in  ore  bodies,  are  now  generally  ascribed  to  magmatic 
diiferentiation  through  the  action  of  gravity.  J.  H.  L.  Vogt  *  thus 
interprets  the  chromite  deposits  of  Norway,  and  J.  H.  Pratt  *  has 
elaborated  the  same  conception  with  respect  to  the  chromic  iron 
ores  of  North  Carolina.  The  origin  of  corundum  and  of  chromite  in 
dunite  Pratt  explains  in  the  same  way.  When  a  peridotite  alters  to 
serpentine,  the  refractory  chroniite  remains  unchanged. 

Magnetite. — Isometric.  Composition,  FCjOj,  but  with  variable 
impurities  and  replacements.  Molecular  weight,  231.7.  Specific 
gravity,  5.17.  Molecular  volume,  44.8.  Color,  black.  Hardness, 
5.5  to  6.5.  Magnesium,  manganese,  aluminum,  and  titanium  are 
common  impurities,  rutile,  ilmeoite,  hematite,  and  the  spinels  being 


I  Compt.  Rand.,  vol.  110,  ISH,  p.  at. 

■  ZettsohT.  pnkt.  Geologla,  1S94,  p.  3S4. 

•Trans.  Am.  Iiut.  iita.  Eng.,  Tol. »,  13»,  p.  17. 
BsTMt,  DIaEnliieiirstilUiiiUH,  p.33.  Thai 
tTMUtaa  open  «r*  bodlv. 
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frequent  admixtures  in  magnetite.  The  titaniferous  magnetites 
fonn  a  well-known  subclass  of  ores.  In  a  m^;netite  from  the  Tyro- 
lese  Alps,  T.  Petersen'  found  1.76  per  cent  of  nickel  oxide,  sad  the 
magnetites  of  eastern  Ontario  may  contain  half  as  much.* 

Magnetite  is  often  observed  as  a  furnace  product,  and  it  forms  the 
"iron  scale"  of  the  blacksmith.  W.  Mtiller*  found  both  magnetite 
and  hematite  in  crystals  among  the  oxidation  products  of  the  iron- 
bearing  residues  from  an  anihne  factory.  The  mineral  has  akio  been 
produced  artificially  by  several  inveetigators.  J.  J,  Ebelmen  *  pre- 
pared it,  well  crystallized,  by  fusing  tt^ther  an  iron  mlicate  and 
lime.  According  to  H.  Sainte-Claire  Deville,*  ferrous  oxide,  heated 
in  a  stream  of  hydrochloric  acid,  forms  m^netite,  while  a  mixture 
of  magnesia  and  ferric  oxide,  similarly  treated,  yields  magnesiofer- 
rite,  MgFejOj.  T.  Sidot*  obtained  magnetite  by  the  calcination  of 
ferric  oxide  alone. 

In  artificial  magmas  magnetite  is  easily  formed,  especially  when 
the  proportion  of  silica  is  low.  Any  excess  of  iron  over  that  needed 
to  combine  with  silica  is  likely  to  be  deposited  in  t^e  form  of  mag- 
netite, although  the  conditions  of  its  appearance  are  not  so  simple 
as  in  the  separation  of  alumina  as  corundum.'  The  order  of  its 
crystallization  with  reference  to  other  minerals  is  by  no  means 
invariable. 

Like  the  apinels,  magnetite  may  be  formed  by  the  breaking  down 
of  other  epecies,  or  by  reactions  between  them.  In  other  words,  it 
may  be  a  product  of  contact  metamorphism.  C.  Doelter,*  for  ex- 
ample, repeatedly  obtained  it  by  fusing  various  rocks  in  contact  with 
limestone — a  procedure  which  recalls  Ebelm^i's  experiment.  Ac- 
mite  upon  fusion  yields  magnetite  and  a  glass,*  and  glaucophane 
gives  similarly  a  mixture  in  which  magnetite  appears.  By  mslting 
together  biotite  and  microcline,  Fouqu6  and  L^vy"*  obtained  magne- 
tite, leucite,  and  olivine.  J.  Lenar<^i£"  found  magnetite  in  the  mass 
produced  by  fusing  leucito  with  augite;  but  on  the  other  hand,  when 
magnetite  and  labradorite  were  taken,  the  former  mineral  was  dis- 
solved and  augite  appeared.  Similar  observations  were  made  by 
M.  Vudnik"  and  B.  Vukits,"  who  found  magnetite  among  the  fusion 

<  K«aa  Jahrb.,  1W7,  p.  SW. 

1 W.  O.  Mfllgi,  Kept.  BtltUi  Assoo.,  ISn,  p.  NO. 

*  ZaUachr.  Deutwh.  £»l.  Oatit.,  vol.  U,  1903,  p.  es. 
•Compt.  IlcDd.,  Tol.83,  ISSl,  p.  GO, 

*  Idem,  to).  63, 1861,  p.  199. 
■Idem,  vol.69, 1889,  p.  301. 

t  Sua  J.  UaroawSa,  Hfn.  pat.  Hltt.,niL  18, 1898,  p.  84,  and  1.  H.  L.  Voft,  Ula3n]biUim(  In  SAmito. 
nuano,  pp-  VO-ni. 

*  Keoes  lahrti.,  isas.  Band  1,  p.  IM. 

*IKultei.  Ncoeslabrb.  I89T.  Band  l,p.l.    SeaaljoU.  Viieall[,cltadbalfiw. 
w  Brnlliisa  ds9  mlnJivDi  at  deiroclM*,  p.  77. 
DCeDtralbJ  Uln.,  Oaal  □.  PH.,  1903,  pp.  706,743. 
"  Idem,  19M,  pp.  300. 142, 344. 341,366,369. 
u  Umn,  1»M,  pp.  70S,  71S,  743,  749. 
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products  of  anorthite  and  hedenbe^te,  albite  and  hedenbergite, 
oliTiue  and  augite,  elfeolite  and  augite,  and  ebeolite  and  diopside. 
Each  of  these  couples,  when  fused,  yielded  magnetite,  with  other 
products  which  varied  according  to  the  nature  of  the  mixture. 

Magnetite  occuis  as  an  accessory  mineral  in  rocks  of  all  classes, 
and  it  sometimes  rises  to  the  rank  of  a  principal  constituent,  or  even 
forms  rock  masses  by  itself.  It  is  obviously  most  abundant  in  rocka 
rich  in  ferromagnesian  minerals,  such  as  norites,  diabases,  gabbros, 
or  peridotites;  but  it  is  also  associated  with  nepheline  rocks  and 
anorthites.  In  many  cases  it  forms  large  ore  bodies  that  are  r^arded 
as  products  of  magmatic  differentiation;  and  these  deposits,  as  a 
rule,  are  highly  titaniferous.*  Some  ores  shade  from  magnetite  into 
ilmenite,  with  over  40  per  cent  of  titanic  oxide.  They  frequently 
contain  spinel,  and  sometimes,  also,  corundum. 

In  the  great  iron  deposits  of  the  Lake  Superior  r^on,  and  the 
adjacent  parts  of  Michigan,  Wisconsin,  and  Minnesota,  magnetite  is 
found  in  slates  and  cherts,  often  associated  with  grOnerite  and  actino- 
lite.'  Here  the  mineral  is  not  of  direct  igneous  origin.  In  the  Mesabi 
district,  according  to  C.  K.  Leith,*  it  is  derived  from  the  leaching  of 
a  hydrous  iron  sihcate,  of  uncertain  composition,  to  which  be  has 
given  the  name  "  greenalite."  Other  silicates  may  yield  magnetite 
through  metamorphic  changes,  and  it  can  also  form,  says  C.  R.  Van 
Hise,*  from  marcasite  and  pyrite,  and  from  the  oxidation  of  siderite 
in  place.  By  further  oxidation  magnetite  can  alter  to  hematite  and 
limonite,  and  through  the  agency  of  carbonated  waters  it  may  be 
transformed  into  siderite  again. 

HEMATITE. 

Rhombohedral.  Composition,  Fe,0,.  Molecular  weight,  169.8. 
Specific  gravity,  5.2.  Molecular  volume,  30.7.  Color,  red  to  steel- 
gray  and  black.  Hardness,  5.5  to  6.5.  Hematite  has  been  prepared 
artificially  by  several  methods.  In  the  classical  experiment  of 
Gay-Lussac,*  the  vapor  of  ferric  chloride  was  decomposed  by  steam 
at  a  high  temperature,  and  crystals  of  hematite  were  formed.    A. 

1  Bee  J.  n.  L.  Voft,  Zoltschi.  prakt.  Oeologto,  IB93,  p.  t;  1B84,  p.  SS3;  1900,  pp.  ZU,  3>0i  1901,  pp.  t,  ISO, 
38fi,  337.  J.  F.  Eemp,  NlseUeotb  Ami.  Rept.  U.  S.  0«ol.  Surva;,  pt  3, 1890,  p.  3TI;  Sdkool  of  Ulim 
Quart., T0l.ia,lB9e,p. 323;  vol.21, lM0,p.M:Zcllsdir.praktO«olaEtG,UaG,p. 71.  W.LlDdgren.ScteiDO, 
Tol.  IB,  1902,  p.  081.  O.H.  Wmiuni,Am.Joiir.Bc!.,3dm.,val.33,1887,p.IIM,  R.  Beck.LehraTODdol 
Enlagsntatten,  M  ed.,  pp.  20-30.  Eemp'a  papa  In  the  Bchool  ol  Ulnes  Quuterly  la  a  genaial  [svlnw  ot 
UiB  tllanUeioiia  niBgiwtlles,  with  many  analyns  aod  csplmu  lelennies  to  olhoi  lilciaCuis.  Id  Zeltadir. 
pnlct.  OeolDgie,  1907,  p.SS,  VogtilBHTlbesinapiutlclnniaTeslngtanlte.  On  magmatic  Iron  one  In  UUh, 
fas  E.  P.  Jennings,  Trans.  Am.  Inst  Uln.  Eng.,  vol.  35,  1905,  p.  33S.  On  tbe  magmatlo  magnetites  tk 
Lapland,  we  O.  Stutiar,  Neues  Jahrb.,  BoQ.  Band  24, 1907,  p.  MS.  A  magnetite  basalt  Irom  Coloisdo  li 
described  by  n.  S.  Washinetonand  E.  8.  Lanen  In  Jonr.  Washioxton  Acad.  BcL,  val.3,  Ifiia.p.  44S. 

*  Sea  C.  R.  Van  Hbe,  W.  a.  Bayloy.H.  L.  Bmyth,  and  J.  U.  Clements,  In  Hon.  D.  S.  OooL  BnTvar,  Tcl. 
38,  IMT;  vol.  36,  IB8t:  and  vol.  45, 1903. 

>  UoD.  XJ.  B.  Otol.  Survey,  vol.  43, 1903,  pp.  lOI-lU. 

*  A  treatise  oti  metamDrphlsm:  Uon.  V.  B.  Oeol.  BnTvajr,  vol.  47, 1904,  p.  DO. 

*  Sea  It.  BiBUDa,  ChBUisdie  Ulnemloile,  1896,  p.  231. 
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Daubrfe'  obtained  it  by  paasingfemo  chloride  vapor  over  lime;  and 
H,  Sainte-Cflaire  Deviilo '  prepared  the  specular  variety  by  the  slow 
action  of  gaseous  hydrochloric  acid  upon  ferric  oxide  at  a  red  heat. 
Hematite  is  also  produced,  according  to  H.  Arctowski,'  by  the  action 
of  vaporized  ammonium  chloride  upon  either  red-hot  iron  or  ferric 
oxide.  It  has  also  been  noted  as  a  sublimation  product  in  the  salt- 
cake  furnaces  of  certain  chemical  works.*  Fine  crystals  of  hematite, 
grouped  in  roeettee,  hare  been  formed  in  the  iron  heating  pipes  of  a 
Deacon  chlorine  apparatus  in  Philadelphia.  Some  of  the  crystals 
WOTe  as  much  as  3  centimeters  in  diameter.  Their  formation  was  due 
to  the  action  of  heated  air  and  hydrochloric  acid  upon  the  iron. 
Ferric  chloride  was  probably  first  formed  and  then  transformed  into 
hematite  by  aqueous  vapor.  All  these  reactions  are  analogous  to,  if 
not  identical  with,  those  that  produce  the  so-called  "sublimed" 
hematite  which  is  seen  upon  volcanic  lavas.  A.  Arzruni,*  on  com- 
paring the  volcanic  mineral  with  the  artificial  product,  found  them 
to  be  cryBtallographicotly  identical.  W.  Bruhns's  experiment,'  in 
which  hwnatite  was  formed  by  heating  amorphous  ferric  oxide  with  , 
water  and  a  trace  of  ammonium  fluoride  to  300°  in  a  platinum  tube. 
seems  to  be  less  closely  related  to  geological  phenomena. 

Fouqui  and  lAvj*  repeatedly  obtained  hematite  from  artificial 
m^mas,  and  similar  observations  have  been  made  by  others.  In 
ordinary  furnace  slags,  however,  according  to  J.  H.  L.  Vogt,*  hema^ 
tite  rarely  if  ever  occurs.  Ferric  oxide  can  crystallize  out  as  hematite 
only  when  ferrous  compounds  are  either  absent  or  present  in  quite 
subordinate  amounts,  for  ferrous  oxide  unites  with  it  to  form  mag- 
netite. The  latter  species,  therefore,  is  characteristic  of  rocks  rich  in 
ferromagnesiao  minerals,  while  hematite  appears  chiefly  in  the  more 
siliceous  and  feldspathic  granites,  syenites,  trachytes,  rhyolites, 
andesites,  and  phonolites.  It  is  also  found  in  the  crystalline  schists ; 
but  m^;netite  is  by  far  the  more  common  as  a  pyrogenic  mineral.  In 
igneous  rocks  generally  ferrous  oxide  exceeds  the  ferric  in  amount, 
the  averse  percentages,  as  shown  by  961  analyses,'"  being  3.46  FeO 
and  2.63  Fe,0(.  This  preponderanco  of  the  lower  oxide  seems  to 
determine  the  frequent  formation  of  magnetite.  The  ferric  pyrite  and 
the  ferrous  pyrrhotite  appear  to  follow  the  same  rule  of  association, 
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the  one  being  conunoneet  in  highly  silicic  rocks,  the  other  accom- 
pEiDyiDg  the  ferromagnesian  minerals. 

Hematite  alters  into  limonite,  magnetite,  pyrite,  marcasite,  and 
siderite,'  and  in  metamorphic  rocka  it  may  be  derived  from  the  same 
species.  Ldmooite,  siderite,  and  magnetite  are  especially  liable  to 
yield  it.  The  deriration  of  hematite  from  silicates  is  probably  always 
indirect,  one  or  another  of  the  above-named  species  having  been 
formed  first.  Titanium  is  a  common  impurity  in  hematite,  and  L.  J. 
Igelstrom,'  in  a  Swedish  ore,  found  molybdenum  in  very  appreciable 
amounts. 

TTTANTUM    MIN^IRAIjS. 

RmmiU. — Rhombohedral.  Composition,  FeTiOi-  Molecolar 
weight,  152.  Specific  gravity,  4.5  to  5.  Molecular  volume,  30.4. 
Color,  black;  luster,  submetaUic.    Hardness,  5  to  6. 

Ilmenite,  menaccamte,  or  titanic  iron  haa  been  httle  investigated 
upon  the  synthetic  side.  W.  Bruhns  *  prepared  it,  mixed  with  some 
magnetite,  by  heating  finely  divided  metallic  iron,  ferric  oxide,  and 
amorphous  titanic  oxide  with  hydrochloric  acid  in  a  platinum  tube 
to  270-300°.  In  nature,  however,  it  is  found  most  widely  diffused. 
It  occurs  with  or  replacing  hematite  in  granite  and  syenites  and  as  an 
essential  constituent  in  diorite,  diabase,  gabbro,  basalt,  etc.,  often 
with  magnetite.*  In  these  rocks  it  is  one  of  ihe  earliest  minerals  to 
separate.  It  is  abo  found  in  metamorphic  rocks,  such  as  godss, 
mica  schist,  and  amphiboUte.  A.  von  Lasaulx'  describes  ilmenite 
as  an  alteration  derivative  of  rutile. 

The  constitution  of  ilmenite  has  been  much  discussed.  Some  au- 
thorities have  regarded  it  as  an  isomorphous  mixture  of  Fefit  and 
Ti,0,;  but  C.  Friedol  and  J.  Gufirin,"  who  prepared  the  latter  com- 
pound artificially,  do  not  favor  this  view.  ^,0,  as  such  has  not  been 
found  as  an  independent  mineral.  T.  Kdnig  and  O.  von  der  Ffordten  ^ 
made  various  attempts  to  detect  Ti,0,  in  ilmenite  and  only  met  with 
failure.  Since  the  mineral  pyrophanite,  MnTiO,,  isomorphous  with 
ilmenite,  is  known,  and  since,  as  S.  L.  Penfield  and  H.  W.  Foote  * 
have  shown,  ilmenite  sometimes  contains  large  admixtures  of  the 
molecule  MgTiO,,  the  formula  FeTiO,  may  now  be  regarded  as  estab- 
lished for  titanic  iron.  In  an  ilmenite  from  Warwick,  New  York, 
Penfield  and  Foote  found  16  per  cent  of  magnesia.    In  fact,  the  com- 

)  C.  R.  Vsn  HIM,  A  (reBtba  on  metemorphlnii;  Uon.  tt.  8.  Onl.  Bamy,  vol.  47,  IBM,  p.  IX. 
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potmd  li^nO,  is  independently  represented  by  tbe  mineral  geilde- 
lite'  from  Ceylon.  An  exceBS  of  iron  in  ilinenite  may  be  due  to 
admixed  hematite  and  an  excess  of  titanium  to  rutile. 

Ilmenite  is  often  surrounded  by  a  mai^;in  of  white  or  even  reddish 
alteration  products,  which  is  commonly  Imown  by  the  name  of  leu- 
coxme.  According  to  A.  Cathrein,*  this  substance  is  essentially 
titanite,  sometimes  accompanied  by  rutile. 

PseudohrookUe. — Orthorhombic.  Composition,  ferric  orthotitan- 
ate,  Fe^CTiOJj.  Molecular  weight,  559.9.  Spedfio  gravity,  4.39. 
Molecular  volume,  127.5.    Color,  dark  brown  to  black.    Hardnees,  6. 

Fseudobrookite  is  a  rare  accessory  mineral  in  certiun  eruptive 
Tocks,  such  as  andeeite,  trachyte,  basalt,  and  nephelinite.  A  similar 
mineral,  formed  by  "sublimation"  in  a  salt-cake  furnace,  was  de- 
scribed by  B.  Doss,'  who  gave  it  the  formula  Fe,TiOt  and  made  it 
isomorphous  with  andalusite,  AlySiO^.  The  natural  mineral,  however, 
has  the  orthotitanate  formula,  as  ^ven  above.* 

Perofskiie. — Isometric  or  pseudoisometric.  Composition,  calcium 
titanate,  CaTiO,.  Molecular  we^ht,  136.2.  Specific  gravity,  4. 
Molecular  volume,  34.  Color,  yellow,  ranging  through  orange  and 
brown  to  grayish  black.    Hardness,  5.5. 

Ferofskite  has  been  prepared  synthetically  by  several  chenusts. 
J.  J.  Ebelmen'  obtained  it  by  fusing  titanic  oxide  with  lime  and 
potassium  carbonate;  and  later  *  by  the  action  of  lime  on  an  alkaline 
melt  containing  titanic  oxide  and  silica.  F.  Hautefeuille  '  heated  a 
mixture  of  calcium  chloride,  titanic  oxide,  and  »lica  to  redness  in  a 
stavam  of  moist  carbon  dioxide,  or  of  hydrochloric  acid,  and  obtained 
perofskite  crystals.  L.  Boui^eois'  observed  its  depoution  from 
various  fused  mixtures  resembling  natural  m^^mas  in  composition. 
Unally,  F.  J.  Holmquist  *  prepared  perofekite  by  fusing  bother 
soiUum  carbonate,  calcium  carbonate,  and  titanic  oxide,  under  special 
manipulative  conditions. 

Ferofskite  occurs  both  in  eruptive  and  metamorphio  rocks.  It  is 
found  in  melilite,  leucite,  and  nepheline  rocks,  and  in  some  perido- 
tites;'"  and  is  among  the  earliest  secretions.  It  is  particularly  charac- 
teristic of  melilite  basalt,  being,  according  to  A.  Stelzner,"  the  most 
ffuthful  companion  of  m^ilite.    At  Catalao,  Brazil,  E.  Hussak*^ found 
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a  peculiar  rock  consisting  of  magnetite  and  perofsldte;  a  titaniferous 
magnetite  of  a  new  kind.  A  similar  rock  has  been  found  in  the  Un- 
compabgre  quadrangle  by  £.  S.  Larsen  and  an^yzed  in  the  labora^ 
tory  of  the  United  States  Geological  Survey.  Perofskite  is  also  found 
in  chlorite  schist,  limestone,  quartz  gneiss,*  etc.  Hussak  observed  its 
alteration  into  titanic  oxide,  and  "BL  Schneider '  has  described  perof- 
skite as  derived  from  titanite. 

Titaniie. — Monoclinic.  Composition,  CaliSiOf  Molecular  weight, 
196.6.  Specific  gravity,  3.64.  Molecular  volume,  55.5.  Color,  yel- 
low, green,  red,  gray,  brown,  or  black.    Hardness,  5  to  5.5. 

Titanite,  or  sphene,  has  been  produced  artificially  by  several  experi- 
menters, but  it  does  not  seem  to  be  easily  formed.  P.  Hautefeuille  * 
prepared  it  by  fusing  a  mixture  of  sifica  and  titanic  oxide  with  cal- 
citmi  chloride.  L.  Boiugeois*  obtained  it,  but  obscurely  developed, 
by  fusing  together  its  constituent  oxides,  silica,  titanic  oxide,  and 
lime.  L.  Michel  *  fused  ilmenite  with  calcium  sulphide,  silica,  and 
carbon,  which  yielded  a  mixture  of  titanite,  garnet,  and  a  subsulphide 
of  iron.  S.  Smolensky  *  prepared  titanite  by  Boui^eoia's  method  and 
determined  its  melting  point  as  1,221°. 

Aa  a  pyrogeuic  mineral  titanite  is  foimd  among  the  oldest  secre- 
tions in  iJie  more  siliceous  rocks,  such  as  granites,  diorites,  syenitee, 
and  trachyt«.  It  is  abundant  in  phonolites  and  elseoHte  syenites, 
and  is  also  common  as  a  secondary  mineral,  derived  by  alteration 
from  rutite  or  ilmenite.  It  is  often  associated  with  <^ilorite.  At 
Green  River,  North  Carolina,  large  crystals  of  sphene  are  found  com- 
pletely or  partially  altered  into  a  yellow,  friable,  earthy  substance 
which  has  been  given  the  name  of  xanthitane.  According  to  L.  G. 
Eakins,^  this  product  is  a  hydrous  titaoate  of  aluminum.  An  altera- 
tion of  titanite  into  rutile  has  been  observed  by  P.  Mann '  in  the 
foyaiteof  theSerradeMonchiquej'and  B.  Doss  *  has  reported  pseudo- 
morphs  of  anatase  after  sphene. 

EvMJe. — Tetragonal.  Composition,  TiO,.  Molecular  weight,  80.1. 
Specific  gravity,  4.2.  Molecular  volume,  19.1.  Color,  commonly  red- 
dish to  brown  or  black.    Hardness,  6  to  6.5. 

Brookite. — Orthorhombic.  Composition  and  moleciilar  weight  as 
for  rutile.  Spedfic  gravity,  4.  Molecular  volume,  20.  Color,  yel- 
lowish, reddi^,  brown,  or  iron-black.    Hardness,  5.5  to  6. 

Octahedrite  or  anatase. — ^Tetragonal.  Composition  and  molecular 
weight  the  same  as  for  rutile  and  brookite.    Specific  gravity,  3.82  to 
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3.95.  Molecul&r  volume,  20.5.  Color,  brown,  indigo-blue,  and  black. 
Hardness,  5.6  to  6. 

All  tbree  modifications  of  titanic  oxide  have  been  studied  syntbet. 
ically.  Crystals  of  brookite  were  obtained  by  A.  DaubrSe,*  by  the 
actJon  of  aqueous  vapor  upon  titanic  chloride  at  a  red  heat.  By 
heating  amorphous  titanic  oxide  to  redness  in  a  current  of  hydro- 
chloric acid  gas,  H.  Sainto-Claire  Deville  and  H.  Caron '  transformed 
it  into  a  crystalline  modification,  and  similar  results  were  obtained 
by  P.  Hautefeuille  and  A.  Ferrey.'  By  the  prolonged  heating  of 
titanic  oxide  with  boric  acid  J.  J.  Ebelmen  *  obtained  rufile,  and  P. 
Hautefeuille  '  attained  the  same  end  when  sodium  tungstate  or  vanar- 
date  was  used  as  flux.  H.  Traube  "  also  crystallized  rutile  from  fused 
BodJum  tungstate,  and  was  able  to  add  to  it  appreciable  quantities  of 
iron,  manganese,  and  chromium,  impurities  which  are  found  in  the 
natural  mineral.  Several  investigators  have  prepared  rutile  by  the 
same  general  process,  using  microcosmic  salt  as  the  solvent.  B.  Doss," 
by  this  method,  prepared  both  rutile  and  anatase.  Deville  and 
Caron  *  also  prepared  rutile  by  heating  titanic  oxide  with  sihca  and 
oxide  of  tin  to  redness.  By  heating  ilmenite  and  pyrite  together  at 
about  1,200°,  L.  Michel '  obtained  a  mixture  of  rutile  and  pyrrhotite. 

The  three  forms  of  titanic  oxide  were  reproduced  by  P.  Haute- 
feuille" by  various  modifications  of  the  same  general  pneumstolytic 
process.  Potassium  titanate  and  calcnum  chloride  were  heated  in  a 
current  of  hydrochloric  acid  mixed  with  eir,  and  crystals  were  formed. 
'Htanic  oxide  with  potassium  or  calcium  fluoride,  or  potassium  silico' 
fluoride,  similarly  treated,  gave  the  same  products,  which,  when  the 
operation  was  conducted  at  a  strong  red  heat,  was  rutile.  Brookite 
was  formed  by  heating  potassium  titanofiuoride  in  aqueous  vapor, 
and  by  the  action  of  hydrofluoric  acid  upon  titanic  chloride,  at  a 
temperature  not  higher  than  the  boiling  point  of  zinc.  A  mixture 
of  titanic  oxide,  calcium  fluoride,  and  potassium  chloride,  heated  in 
a  8t];eam  of  hydrochloric  acid,  silicon  fluoride,  and  moist  hydrogen, 
also  gave  brookite,  and  so  did  titanic  oxide,  silica,  and  potassium 
siU<!ofluoride  in  a  current  of  hydrochloric  acid  alone.  When  titanic 
fluoride  was  decomposed  by  aqueous  vapor  at  a  lower  temperature, 
at  or  near  the  boiling  point  of  cadmium,  octahedrite  was  produced. 
How  far  these  experiments  may  parallel  the  pneumatolytic  processes 
of  nature  is  doubtful;  but  they  show  that  rutile,  the  most  stable 
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modification  of  titanic  oxide,  ia  fonned  at  the  highest  temperatures, 
hrookite  at  temperatures  considerably  lower,  and  anatase  at  a  point 
Btill  lower  in  the  Bcalo.  These  observations  are  in  harmoDj  with  the 
known  occurrences  of  the  three  species  as  rock-forming  minerals. 

Butile  occurs  as  a  pyrogenic  mineral  in  eruptiTe  rocks,  but  it  is 
more  common  in  gneiss,  mica  schist,  and  the  phyllites.  In  a  horn- 
blende gneiss  from  Freiberg,  A.  Bei^eat  *  observed  rutile,  ilmenite, 
and  titanite,  which  had  formed  as  a  single  generation  and  cr^tallized 
before  the  biotite.  A  remarkable  dike  rock  in  Nelson  County,  Viiv 
ginia,  described  by  T.  L.  Watson  and  5.  Taber,*  consists  essentially  of 
rutile  and  apatite.  Rutile  is  also  found  as  a  secondary  mineral, 
derived  from  ilmenite  and  titanite.  C.  Doelter '  found  rutile  to  be 
slightly  soluble  in  water,  and  more  so  in  a  solution  of  sodiimi  fluoride. 
From  such  a  solution  after  heating  to  145°  during  thirty-four  da^ 
the  mineral  was  partially  recrystallized.  Possibly  some  seconduy 
rutile  may  originate  from  solution  of  the  original  substance,  or  (Mf 
titanic  oxide  leached  from  another  species. 

Brookite  is  not  found  in  fresh  eiuptive  rocks,  but  generally  in 
decomposed  granite,  gneiss,  quartz  porphyry,  and  the  sedimentables. 
Octahedrite  is  never  primary,  but  is  formed  by  the  alteration  of  other 
titanium  minerals.  It  has  been  observed  under  a  great  variety  of 
conditions,  as  in  granite,  diabase,  quartz  porphyry,  diorite,  the  dys- 
talline  schists,  slujes,  sandstones,  and  limestones.* 

Brookite  alters  into  rutile,  and  rutile  into  ilmenite,  anatase,  and 
^hene.  The  titanium  minerals  are  thus  closely  connected  with  one 
another,  and  transformations  are  possible  in  almost  every  direction. 
From  a  magma  deficient  in  lime  and  iron,  titanic  oxide  may  separate 
as  rutile;  when  lime  is  abundant,  titanite  or  perofsldte  may  form; 
in  presence  of  much  iron  ilmenite  or  paeudobrookite  will  be  depomted. 
Brookite  and  octahedrite  appear  only  as  secondary  minerals. 

CASSITEBITE  AND   ZIRCON. 

Cassiterite. — ^Tetragonal  Composition,  stannic  oxide,  SnO,.  Mo- 
lecular wdght,  161.  Specific  gravity,  6.9.  Molecular  volume,  21.9. 
Color,  -  commonly  brown  to  black,  rarely  colorless,  red,  or  yellow. 
Hardness,  6  to  7. 

A.  Daubr6e  *  prepared  cassiterite  by  ihe  action  of  aqueous  vapor 
upon  tin  tetrachloride  in  a  red-hot  porcelain  tube.  H.  Sainte-CIaire 
DeviUe  *  obtained  it  by  passing  gaseous  hydrochloric  acid  over  the 
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Nelaoa  Conntr,  Vtrglnb,  na  O.  P.  Uk^  Sng.  tod  Uln.  Jour.,  JUieb  8,  IMt^wd  T.  Ifc  WatHi^  KecB. 
OaologT,  vcJ.  3, 1901,  p.  4»3. 

•  CompL  Bind.,  toL  39, 1S4B,  p.  333, 

•Idw^TOl.  6,1891,  p.  tSL  ,^  I 
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amorphoos  oxide  of  tin  at  a  high  temperature,  and  also  by  acting 
upon  Btannous  chloride  with  aqueous  vapor.  According  to  A.  Ditte,' 
Btamiic  oxide  may  be  crystallized  by  fusion  with  calcium  chloride; 
and  its  oystalUzation  is  mentioned  by  Deville  and  H.  Caron '  as 
having  been  effected  by  heating  a  fluoride  of  tin  with  boric  oxide. 
The  formation  of  cassiterite  as  a  furnace  product  has  several  times 
been  observed,  most  recently  by  A.  Arzruni '  and  J.  H.  L.  Vogt.* 
In  this  case  it  was  produced  during  the  manufacture  of  pulverulent 
stannic  oxide,  by  the  slow  oxidation  of  metallic  tin.  With  this  excep- 
tion, the  syntheses  of  cassiterite  point  to  its  origin  as  a  pneumato- 
lytic  mineral,  and  its  commoner  associations  tcU  a  similar  story.  It 
is  almost  invariably  accompanied  by  minerals  containing  boric  oxide 
or  fluorine,  such  as  topaz,  tourmaline,  lepidoUte,  and  apatite.' 

Caasitcirite  is  rarely  found  as  an  original  rock-forming  mineral. 
M.  von  Miklucho-Maclay  •  has  reported  it  accompanied  by  rutile, 
topaz,  apatite,  and  tourmaline,  as  an  inclusion  in  the  niica  of  a  gran* 
ite.  According  to  R.  Beck,^  it  is  also  an  original  constituent  of 
granite  on  the  islands  of  Banca  and  Billiton.  It  also  occurs,  but 
sparingly,  in  the  lithia-bearing  pegmatites  of  Maine  and  California, 
and,  according  to  L.  C.  Gratou,*  as  an  original  constituent  of  p^ma^ 
tite  in  the  Carolinas.  The  relations  of  cassiterite  as  a  vein  mineral 
win  be  considered  in  another  connection  later. 

Zircon. — Te^agonal.  Composition,  zirconium  ortbosilicate,  ZrSiO^. 
Molecular  wei^t,  183.  Specific  gravity,  4.6  to  4.8.  Molecular  vol- 
ume, 3S.7.  CqIof,  commonly  brown,  but  also  colorless,  yellow,  red, 
bluish,  green,  etc.    Hardness,  7.5. 

Zircon  has  been  repeatedly  produced  synthetically.  H.  Sainte- 
Clairo  Deville  and  H.  Caron  *  obtained  it  by  heating  zirconia  in  a 
curr^t  of  silicon  fluoride.  Deville  "*  also  prepared  it  by  heating  zir- 
conia with  quartz  in  the  same  gas.  In  the  latter  process,  which  is 
identical  in  character  with  the  fonner,  zirconium  fluoride  is  formed, 
which  reacts  upon  the  quartz,  regenerating  the  silicon  fluoride.  A 
nnall  quantity  of  the  latter  substance  may  therefore  generate  an 
indefinite  amount  of  zircon.  P.  Hautefeuifle  and  A.  Perrey"  obtained 
zircon  when  a  mixture  of  silica,  zirconia,  and  lithium  molybdate  was 

>  Oupk  BmkL,  tciL  W,  US3,  p.  Toi. 

*  IdMl,  TUL  «,  USB,  p.  7M. 

I  ZdtaGhT.  Szym.  Utu.,  vd.  U,  IMM,  p.  «T. 

•  idMD,  ToL  81,  isw,  p.  tm. 

•  ForaUitilftlieiiibWBlKiccuTTliigiriUicttssllwIM,  see  W.  Kohliiuna,  Zcitachr.  Xryit.  HbL,  toL  2^ 

*  KwM  lahrb.,  U8t,  Band  3,  p.  B8. 

I  ZaltaSbr.  Krjit  lUn.,  toL  33, 1900,  p.  3QS. 

*  BdIL  U.  8.  a<6L  SoTTvy  No.  303,  IMA. 

•  Compt.  IKnd.,  TOL  «,  UM,  p.  TM. 

>  Idam,  roL  II,  ISSt,  p.  IX. 
i<  Idgm,  vol.  107,  ISffi,  p.  1000. 
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heated  to  800°.  Finally,  K.  Chrustsdioff  *  effected  the  synthesis  of 
zircon  by  heating  gelatinous  siUca  and  gelatinous  zirconia  together, 
under  pressure,  to  a  temperature  near  redness.  DevlHe's  work  indi- 
cates a  possible  pneumatolytic  origin  for  zircon  in  some  instances; 
the  other  processes  seem  to  be  unrelated  to  the  ordinary  occurrences 
of  tiie  mineral. 

Zircon  is  one  of  tiie  commonest  accessory  constituents  in  all  classes 
of  igneous  rocks.  It  is  especially  common  in  the  more  silicic  species, 
such  as  granite,  syenite,  diorite,  etc.,  and  in  all  the  younger  eruptiTes. 
It  is  very  characteristic  of  the  nepheline  syenites.'  It  is  one  of  the 
earUest  minerals  to  crystallize  froea  the  cooling  magmas,  and  the 
first  one  among  the  silicates.  With  or  in  place  of  zircon  some  more 
complex  silicates,  suck  as  the  zircon  pyroxenes,  may  form.  These 
substances,  however,  are  exceedingly  rare  and  quite  imperfectly 
known. 

PHOSPBATE8. 

Apatite. — Hex^onal.  Composition  vanable,  two  compounds  beii^ 
included  in  the  species.'  They  are  Cfl,(POJjF  and  Ca,(POJ,a. 
Molecular  weight,  504.5  for  fluorapatite  and  521  for  chlorapatite. 
Specific  gravity,  3.17  to  3.23.  Molecular  volume,  159.1  to  161.6. 
Color,  white,  green,  blue,  red,  yellow,  gray,  or  brown.     Hardneas,  5. 

The  first  synthesis  of  apatite  was  effected  by  A.  Daubrfie,*  who 
obtaiued  it  in  crystals  by  passing  the  vapor  of  phosphorus  trichloride 
over  red-hot  lime.  N.  S.  Manross '  fused  sodium  phosphate  either 
with  calcium  chloride,  calcium  fluoride,  or  both  together,  and  so 
obtained  chlorapatite,  fluorapatite,  or  a  mixture  of  the  two,  resembling 
natural  apatite,  at  will.  This  process,  slightly  modified,  was  also 
adopted  by  H.  Briegleb  ■  successfully,  G.  Forchhammer '  prepared 
chlorapatite  by  fusing  calcium  phosphate  with  sodium  chloride. 
When  bone  ash  or  marl  was  used  instead  of  the  artificial  calcium  phos- 
phate, a  mixed  apatite  was  formed.  Similar  residts  were  reported  by 
Deville  uid  Caron,'  who  fused  bone  ash  with  ammonium  chloride 
and  either  calcium  chloride  or  fluoride,  and  also  by  A.  Ditto,*  who 
repeated  Forchhammer's  experiment.    By  heating  calcium  phosphate 

1  Nona  Ittab..  ISei,  Band  2,  p.  333. 

I  For  an  etobcrata  dfaouaBJon  of  the  natural  oocarrenna  of  Klnwn,  nas  H.  ThOiw^,  Vataadl.  Fbrs. 
mad.  OcwU.  WOnlnirg,  voL  18,  No.  10,  ISM.  T<a  tlrcon  In  tha  atiglla  aymlUs  of  Nitynj,  see  W.  C. 
Brl^Siir,  Zalmelir.  Eiyst.  ICIn.,  vol.  K,  laeo,  p.  101.  A  tliconlfvoDB  saDd^tona  toimd  dmt  AiUand,  Vk- 
glnla,  baa  b«en  dtaoribad  byT.  L.  WUaon  and  F.  L.  Heaa,  Bull.  PhUos.  Soo.  UnlvaBtt?  of  VliginlB,  voL  1, 
181^  p.  387. 

>  Foi  mmplete  aoalyata  of  apattto,  with  a  dbcuailcni  of  Ita  variatlaiia. 
ah«m.anaU.,val.U,  U89,p.3M0.  For  nunganna,  magnaahim,  iw-tu 
System  of  mliHtalogy,  titb  «d.,  pp.  TSt,  769. 

<  Oompt.  B«zid.,  Tol.  23,  iStl,  p.  SU. 

•  Liable^  Annalm,  toL  S3,  iSta.  p.  isa. 

•  Idsm,  YoL  97,  ISSt,  p.  M . 
'  Idau,  ToI.  go,  1804,  pp.  77, 333. 

•  Compt.  Baid.,  vol.  n,  185S,  p.  965. 

•  Idam,  Tol.  M,  ISSa,  p.  U93. 
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with  calcium  chloride  and  water,  under  pressure,  at  250",  H.  Debray ' 
prepared  chlorapatite.  E.  Weinschenk '  also  produced  it  by  heating 
calcium  chloride,  ammonium  phosphate,  and  ammonium  chloride  at 
temperatures  of  150°  to  180"  in  a  sealed  tube.  F.  K.  Cameron  and 
W.  J.  McCaughey '  prepared  fluorapatite  by  dissolving  calcium 
fluoride  in  fused  disodium  phosphate  and  lixiviating  the  cooled  melt. 
Chlorapatite  was  formed  when  dicalcimn  phosphate  was  added  in 
excess  to  molten  calcium  chloride.  When  precipitated  calcium  phos- 
phate was  used,  chlorspodiosite  was  obtained,  Ca,(P04),.CaClj. 
R.  Nacken,*  by  fusing  calcium  fluoride  or  chloride  with  calcium  phos- 
phate, obtained  both  species  of  apatite,  and  also  mixed  (^Tstals. 
Apatite  has  been  reported  as  present  in  lead-fumace  slt^  by  W.  M. 
Hutchins '  and  J.  H..L.  Vogt."  The  composition  of  these  sl^  prod- 
ucts, however,  seems  not  to  have  been  verified  by  analysis. 

Apatite  is  found  in  all  classes  of  rocks — igneous,  metamorphic,  and 
sedimentary.  In  the  eruptives  it  appears  as  one  of  the  oldest  secre- 
tions from  the  magma.  It  is  more  common  in  femic  rocks  than  in 
the  more  siliceous  varieties.  Titaniferous  magnetites,  like  those  of 
Korway  and  the  Adirondacks,  often  contain  apatite  in  lai^  amounte. 
Apatite  also  appears  as  an  important  vein  mineral ;  and  in  these  occur- 
rences Vogt^  regards  it  as  having  been  formed  by  pneumatolytio 
agencies.  According  to  B.  MOUer,^  apatite  is  strongly  attacked  by 
waters  containing  carbonio  acid.  Both  lime  and  phosphoric  acid 
pass  into  solution.  A  carbonated  mineral  allied  to  apatite  has 
been  described  by  W.  Tschirwinsky,*  under  the  name  podolite.  Its 
oomposition  is  represented  by  the  formula  3Ca»P,0j.CaC0„  which  is 
that  of  apatite  with  calcium  fluoride  replaced  by  cfjcium  carbonate. 

Monaniie. — Monodinic.  Composition,  normally,  cerium  phosphate, 
CePO^,  but  other  rare-earth  metals  are  always  present,  replacing 
cerium.  Molecular  weight,  235.25.  Specific  gravity,  5.  Molecular 
volume,  47.     Color,  yellow,  reddish,  and  brown.     Hardness,  5  to  5,5. 

Xenotime. — Tetragonal.  Composition,  yttrium  phosphate,  YtPO,. 
Molecular  weight,  189,  Specific  gravity,  4.5.  Molecular  volume,  42. 
Color,  grayish  white,  yeJlowish,  reddish,  and  commonly  brown. 
Hardness,  4  to  5. 

Both  monazite  and  xenotime  have  been  prepared  artificially  by  F. 
Radominsky,"  who  fused  the  amorphous  phosphates  of  ceritmi  or 

1  Compt.  Hmd.,  vol,  53, 1881,  p. «. 
•ZeitSQhi.  Srjtt.  Mia.,  vol,  17,  ISW,  p.  489. 

•  Jmr.  Phys.  Cbam.,  vol.  IS,  ISII,  p.  4M. 

•  OcntnlbL  UId.,  0«oL  n.  Pal.,  1913,  p.  ME. 
•Katun,  Tol.  38,  ISST,  p.  460, 

0  Hlofiralblldang  in  Bctmi«l£iDaes«ii,  p.  963. 

f  Bw  his  paper  In  Tiana.  Am.  Tnst.  ilia.  EnE.,  Tol.  SI,  IMl,  p.  134,  and  also  papen  fa  Zellschr.  ptakt. 
GMlOgta,  ISW,  p.  45S;  IS95,  pp.  M7, 444,  4«£. 

•  Jahrb.  E.-t  E«>I.  Helohiaiistah,  vol  37,  U&L  p«t.  Mm.,  1S77,  p.  ZS. 

•  CemlTalbl.Ulu.,  0«oLii.PaL,lK)7,p,37fl.  Aoa)rdiiigtoW.T.BcIiaIlei(Am.Taiir.BcL,4tIi«u'.,  vol.30, 
UIO,  p.  S09),  podtdlte  la  Idantlcal  vtth  dahllltv,  irtiidi  vaa  dowlbtd  mnch  cerlior. 

uComptRaid.,  Tol.SO,I87G,p.  901,  f-  r 
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yttrium  with  the  corresponding  chlorides.  This  proems,  however, 
sheds  no  light  upon  their  genesis  in  nature. 

According  to  O.  A.  Derby,*  these  two  species,  although  they  occur 
sparingly,  ore  veiy  common  accessory  mineirals  in  Brazilian  granites 
and  gneisses.  The  monazite  js  principally  found  associated  with 
zircon,  in  residues  from  granite,  syenite,  and  gneiss,  but  not  in  dia- 
base, diorite,  or  minett«.  Xenotime  is  a  fairly  constant  accessory  in 
muscoTite  granite.  It  was  also  found  in  a  biotite  gneiss,  but  was 
absent  from  phonolitea  and  the  nepheline  or  augite  syenites.  O.  A. 
Derby*  also  reported  a  titaniferoua  magnetite  from  Brazil,  which 
contained  monazite,  and  still  another  association  of  monazite  with 
graphite.  On  examining  a  number  of  granites  and  gneisses  from 
New  England,  Derby '  found  several  occurrences  of  monazite,  and 
one  of  xenotime.  W.  Bamsay  and  A.  lUiacus  *  also  report  the  pres- 
ence of  monazite  in  the  pegmatites  of  Finland.  W.  E.  Hidden^ 
found  CT^tals  of  xenotime,  intergrown  with  zircon,  in  a  decomposing 
granite  in  Henderson  County,  North  Carolina, 

Altiiough  it  is  an  inconspicuous  mineral  in  rocks,  monazite  some- 
times accumulates  in  large  quantities  in  residual  sands,  which,  as  a 
source  of  the  rare  earths,  have  important  commerdal  value.  1^ 
Brazilian  monazite  sands  are  des4^bed  by  E.  Hussak  and  3.  Beitin- 
ger,*  who  give  very  complete  fmalyses  of  several  samples.  In  North 
Carolina'  the  sands  are  derived  from  gneiss,  and  W.  Lindgren* 
reporte  sands  of  granitic  origin  from  the  Idaho  Basin,  Idaho. 

THE    SHilCA   aUNERAIiS. 

Quartz. — ^Rhombohedral.  Composition,  silicon  dioxide,  SiO,.  Mo- 
lecular weight,  60.4.  Specific  gravity,  2.65.  Molecular  volume,  22.8. 
Colorless  when  pure,  but  often  tinted  yellow,  violet,  red,  blue,  green, 
brown,  or  black.    Hardness,  7. 

Tridymite. — ^Hexagonal.  Composition  like  quartz,  SiO,.  Specific 
gravity,  2.3.  Molecular  volume,  26.3.  Colorless  or  white.  Hard- 
ness, 7. 


>  Am.  Tour.  8d.,3d  imt.,  tdL  37,  IBSB,  p.  109;  ToL  tl,  ISSl,  p.  308. 

•  Id«lil,  <th  aer.,  toL  13,  lB02,p.  211. 

'  PCOC  Roflmtar  AouL  Bct.,Ti)L  1, 1891,  p.  198. 
«  Ztlbdir.  Eijtt.  itbL,  voL  81, 1899,  p.  317. 

•  Am.  Jour.  ecl.,3d  HT.,  tdL  W,  1888,  p.  380. 

•  Zaltadir.  Kryst.  Mln.,  vol.  37, 1903,  p.  EDO.  AnoOar  mtmoli  on  thg  BrBiUiaii  suHb,  by  A.  Lbbos, 
vppmt  Id  Aim.  Escota  de  Ulnu,  No.  S,  Ourg  Preto,  1903. 

>  SMnportonmoDulteby  B.  B.C.  Nltcs, Btitecntli  Ann.  Bept.n.  3.  OeoL Survey, pt.  4, 1896, p. M7. 
Thli  mamolroontaliu  a  valuable  btbllognphy.  Another  geuctsl  paper  upon  monaiIte,Uu)rlU,aiidifn3cti, 
by  P.  Tiuehot,  may  be  foimd  in  the  Hsrue  gAn.  acL,  voL  9, 1S98,  p.  US,  and,  trDSalatad  Inlo  £ii(llih.  In 
Cham.  News,  vol.  77,  pp.  ISS,  145. 

■Am.  Jour.  BeL,  4tb  aei.,  voL  1, 1897,  p.  63.  Abo  In  Et^taenth  Ana.  Rept.  C  B.  OeoL  Suivay,  pt  3, 
"'B,  p.  877.  Oq  monoilte  sand  In  Queanalaad,  sea  Bull.  Imperial  Inat.,  voL  3, 1905,  p.  233;  and  In  tba 
"      ~     "      "     ""    a,  vol  4, 1608, p. 301, 


.y  Google 


BOCE-FOBMINO  MINBRAIfl.  357 

OristohaZite.' — Pseudocubio.  Composition  like  quartz,  SiO,.  Molec- 
ular weight,  60.4.  Specific  gravity,  2.348.  Molecular  volume,  26.7. 
Melting  point,  1,685°. 

The  fused  silica  fomiB  a  glass,  which  can  be  worked  into  flasks, 
crucibles,  beakeis,  etc.,  for  chemical  uses.  Quartz,  furthermore,  is 
distinctly  volatile  at  high  temperatures,  as  was  shown  in  a  previous 
chapter.' 

Opal. — ^Amorphous  siliea,  canying  a  variable  amount  of  water 
(from  2  to  13  per  cent).  Color,  white,  yellow,  red,  brown,  green, 
blue,  or  gray.    Specific  gravity,  1.9  to  2.3.    Hardness,  5.6  to  6.5. 

Free  silica  occurs  in  nature  in  many  fonns,  quartz  and  opal  being 
peculiarly  variable  species.  Chalcedony,  jasper,  agate,  flint,  and 
other  similar  minerab  are  commonly  regarded  as  oryptocrystalline 
quartz  and  often  contain  admixtures  of  amorphous  or  soluble  silica,* 
with  other  imptuities. 

The  different  modifications  of  silica  are  readily  prepared  by  simple 
laboratory  methods.  When  an  orthosilicate  is  decomposed  by  a 
strong  acid,  gelatinous  sihca  is  formed,  which,  upon  drying,  becomes 
an  amorphous  mass  essentially  identical  with  opal.*  The  siliceous 
sinters  deposited  by  hot  springs  are  all  classed  as  opal.  At  the  hot 
springs  of  Flombi^es,  in  France,  comm&n  opal  and  hyaUte  have  been 
formed  by  the  action  of  the  waters  upon  an.  ancient  Roman  cement.' 
The  precious  opal,  which  fills  seams  and  cavities  in  igneous  rocks, 
such  as  trachyte,  was  probably  formed  by  the  action  of  hot,  magmatic 
water  upon  the  silicates,  the  latter  being  first  decomposed  and  the 
liberated  silica  being  deposited  in  the  hydrous  form. 

On  the  artificial  production  of  quartz  and  tridyxaite  there  have  been 
many  researches.  P.  Schafh&utL'  simply  heated  a  solution  of  col- 
loidal silica  in  a  Papin  digester,  and  obtained  a  crystalline  deposit 
of  quartz.  H.  de  Senarmont '  heated  gelatinous  silica  with  water 
and  carbonic  acid,  sometimee  also  with  hydrochloric  acid,  at  tempera- 
tures of  from  200°  to  300°,  with  similar  results,     A.  Daubr6e*  pro- 

I  Sm  a.  mm  Rath,  Usate  Jahrb.,  I8ST,  E 
F.0«ib«t,l<lam,T0l.3T,l(M,p.24S.   Thatn 


Z^lBdV.  MUTf.  Chwiie,  -nil  n,  IK2,  p.  2SS.    Accortins  W  N.  L.  Bowan  (Xnt.  Jmr.  BcL,  4th  ur.,  vOL 
38,  ISU,  p.  318},  It  Is  probablr  somsnhst  Ugher. 

'8M>faoA.L.  DnrindB.S.  Sb^grdanqnarti  gl&m,  InBclanos,  navMr.,  vol.  23,100(1,  p.  (170.  They 
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'  Fca  T«cent  dlscusslans  upon  the  nature  of  obslcAdonj-,  tU.,  ne  A.  Ulchel  Ut;  and  E.  Ifmilar-Ghalniaa, 
Bnn.  Soc.min.,  V0l.lG,lSe2,p.  1591  and  F.  Walleiaut,  !dBm,  toL  20, 1887,  p.  £2.  The  flbrooa  varlatlM, 
quarixbuandhitadtCjaiaespeclsDy considered.  8eeal!DE.Heln,NeaeaJahib.,B^BBnd,'nd.2i,I90a, 
p.  1S2,  on  the  relation  or  flhRns  silica  to  qnarti  and  opal.  According  to  C,  N.  FeimerCJoiii.Washbictm 
Acad.  ScL,  ToL  2,  p.  176,  lfl12),  diakndoD;  Is  probably  a  dlstiu^  loim  otitllcft.  On  gebttnomiOkalii 
an  cnhodr.aee  J.  H.  Lerlngs,  Tiuu.  Tn^.  Ifln.  Uet.,  toL  ZI.  p.  178, 1911-12. 

*  For  delallB  concerning  synlliesas  of  <qw],  sae  L.  Boorgeols,  Bepcoductltn  artlddelle  des  mitrfraiu, 
USl.p.fi3. 

*  See  A.  Daubrfe,  £tiides  lyatbitbiau  de  gAotogle  expA'lnunlale,  1S79,  p.  189. 

*  Cited  by  L.  Boargaals,  Rei^adDctliin  artlflclella  dcs  mlnAwii,  1884,  p.  80. 
T  AnnakB  chlm.  phys.,  3d  as.,  vid.  32, 18E1,  p.  113. 

■  Compt.  Bend.,  voL  39, 1834,  p.  13G. 
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duced  quartz,  together  with  Tarious  silicates,  by  the  action  of  silicon 
chloride  at  high  temperatures  upon  lime,  magnesia,  glucina,  or  alu- 
mina. He  also  obtained  quartz  by  heating  water  to  a  temperature 
below  redness  in  a  sealed  glass  tube; '  and  ho  furthermore  observed 
its  deposition  from  the  waters  of  PlombiSres.'  To  K.  Chnistschoff  * 
we  are  indebted  for  a  series  of  experiments,  based  fundamoitally 
upon  the  original  processes  of  Schafh&utl  and  Senarmont.  He 
obtained  quartz  by  heating  an  aqueous  solution  of  colloidal  sihca  to 
250°  for  serial  months.  In  his  latest  research  he  added  hydro- 
fluoboric  acid  to  his  solution  of  silica  and  varied  the  temperature. 
At  180°  to  228°-Jie  obtained  regular  crystals,  resembling  the  form 
of  silica  known  as  cristobahte,  at  240°  to  300°  quartz  was  formed, 
and  at  310°  to  360°  tridymite.  C.  Friedel  and  E.  Sarasin*  pro- 
duced quartz  by  heating,  in  a  steel  tube,  caustic  potash,  gelatinous 
sihca,  and  amorphous  almnina  nearly  to  redness  during  14  to  38 
hours.  When  the  experiment  was  conducted  at  a  higher  tempera- 
ture they  obtained  tridymite  and  quartz  side  by  side.  W.  Bmlms,* 
upon  heating  powdered  glass  to  about  300°  under  pressure,  with 
a  weak  solution  of  ammonium  fluoride,  obtained  quartz;  when 
microcline  was  similarly  heated  with  hydrofluoric  acid  for  53  hours 
tridymite  was  formed.  E.  'Baur '  obtained  quartz  and  tridymite 
simultaneously,  as  did  Friedel  and  Sarasin,  by  heating  a  mixture 
of  silica,  sodium  almninate,  and  water  for  six  hours  to  520°  in  a 
steel  bomb.  Both  species  and  also  a  soda  feldspar  were  produced 
by  J.  Kdnigaberger  and  W.  J.  MOUer'  when  glass  was  heated  to 
300°  and  upward  with  water  alone.  From  the  filtered  and  slowly 
cooled  solution  quartz  and  opal  were  deposited;  the  tridymite  and 
feldspar  were  found  in  the  decomposed  and  imdissolved  residue. 
£bcceptionally  flne,  doubly  terminated,  and  clear  crystals  of  quartz 
were  obtained  by  E.  T.  Allen'  whai  a  mixture  of  magnesium  ammo- 
nium chloride,  sodium  metasihcate,  and  water  was  heated  at  400° 
to  450°  during  three  days  in  a  steel  bomb. 

All  the  foregoing  experiments  rebate  to  the  production  of  quartz 
and  tridymite  in  the  wet  way,  but  dry  methods  have  also  been  suc- 
cessfully employed.    R.  S.  Marsden  *  reports  the  deposition  of  crystal- 

1  itDdtt  aTDlbfiUquss  de  gSologk  expMmcatale,  isn,  p.  IS8. 
'  Idem,  p.  ITS. 

>Aiii.CIunilst,val.3,lS73,p.2Sl.  Compt.  RtDd.,  voL  IM,  13S7,  p.  002.  Neacs  Jahib., 1807,  Band  l,p. 
2«),Betirate. 

•  SuU.  Boc.  mtn.,  Tot.  2,  IS7S,  pp.  113, 1S8. 

•  NeutB  Jnhib.,  1B8B,  Band  Z,  p.  92. 

•  Zeitschr.  physlkoL  Cheialc,  vol  *2, 1S03,  p.  B72.  QucEtkoed  by  A.  1,.  Day  md  E.  B.  Bh«idicnl,  Am. 
Joat.  ficL,  tin  Mr.,  yd.  £2, 190«,  p.  276. 

•  Centralbl.  Ufa.,  Qeol.  a.  Fal.,  IKK),  pp.  3S9,  3S3.  The  uitluvs  dtocusi  at  IcngUi  the  nlatlcos  betwMD 
quarU  and  tiUymltfl. 

•  ClMd  by  DB7  and  Shephn^,  op.  dt.,  p.  £07. 

•  Fnw.  Boy.  Soo.  Edfabm^,  toL  11, 1880,  p.  37. 
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fized  aflic&  from  solution  in  molbea  silver,  but  the  first  definite  work 
upon  this  branch  of  the  subject  is  due  to  G.  Rose.'  He  fused  aduUuia 
with  microcoemic  s&lt,  and  amorphous  Bilica  with  a  deficiency  of 
sodium  carbonate,  with  borax,  and  wit^i  wollastomte,  and  in  each  case 
obtained  tridymite.  He  also  observed  ihs  transfonnation  of  quartz 
into  tridymite  by  simple  ignition,  whereas  upon  fusion  it  yielded  only 
a  gjasa.  K.  Chrustschoff'  by  fusing  a  rock  rich  in  quartz  also 
obtained  tridyiiut«;  and  K.  B.  Schmutz,*  who  mdted  together  a 
granite,  sodium  chloride,  and  sodiimi  tungstate,  found  plagioclase, 
aiigite,  and  tridymite  in  the  subsequenUy  cooled  mass.  H.  ScJiuJze 
and  A.  Stelzner  *  found  tridymite  as  an  accidental  product  in  the 
muffle  of  a  zinc  furnace ;  and  C.  Velain  '  observed  it  with  anortbite  and 
woDastonite  in  the  glass  formed  by  the  ashes  of  wheat  and  oats  during 
the  combustion  of  a  grain  mill.  It  has  also  been  reported  by  A. 
Schwantite*  as  produced  by  tlie  action,  of  lightning  upon  a  roofing 
slate.  S.  Meunier'  fused  silica,  caustic  potash,  and  aluminum 
fluoride  togetlter  and  obtained  tridymite.  F.  Hautefeuille  *  heated 
amorphous  silica  with  sodium  or  lithium  tungstate  to  760°,  when 
qiiartz  was  formed;  but  at  temperatures  from  900°  to  1,000°  tridy- 
mite alone  appeared.  F.  Parmentier,'  repeating  this  experiment  with 
sodium  molybdate,  produced  both  quartz  and  tridymite,  and  so,  too, 
did  F.  Haut^eiiille  and  J.  Margottet  "*  with  Uthium  chloride  as  the 
flux. 

A.  Brun"  has  transformed  quartz  glass  into  crystallized  quartz  by 
heating  it  in  the  vapors  of  alkaline  chlorides  to  a  temperature  between 
700°  and  750°.  Above  800°  and  below  1,000°  tridymite  is  formed 
Tlieee  experiments  show  that  quartz  may  be  produced  without  the 
intervention  of  water,  but  it  is  not  always  so  formed.  Quartz 
crystals  often  contain  water  bubbles,  especially  in  pegmatites. 
Bhyolitic  quartz  may  perhaps  conform  to  Bnm's  observations. 

ia  recent  years  several  investigations  have  been  reported  wluch 
had  for  their  purpose  the  determination  of  the  transition  point 
between  quartz  aod  tridymite.  C.  Johns  "  found  that  quartz  sand 
was  transformed  to  tridymite  at  1,500°,  and  suggested  that  the  true 
inversion  temperature  might  be  200°  lower.    P.  D.  Quensel"  prepared 

1  B«r.  Deutst*.  chem.  G«ell.,  vol.  2, 18611,  p.  388. 

•  Noum  Jahrb.,  ISa,  Baud  1,  p.  305. 

•  Id«m,  iSOI,  Bud  2,  p.  147. 

•  Idam,  ISSl,  Bmd  1,  p.  MS. 

■  Bull.  Boc.  min.,  vol.  1,  ISTS,  p.  113. 

•  Cntmbl.  Ulo.,  OtoL  a.  Pal.,  IffM,  p.  B7.  On  trldrmlte  and  crlstobBllM  In  Sn-brlck,  aw  F.  O.  Hotm- 
qoirt,  QteL  Fflr.  FBrbaiidL,  vol.  33,  p.  24S,  IBU. 

I  Compt  Rwid.,  vol  111,  18S0,  p.  MS. 

•  Biil].Bocnilii.,TDl.  1,1878,  p.  I. 

•  CfUd  by  L.  Booiseals,  R*pn)duotI(ii  artUlolslle  dcs  mlofraux,  1SS4,  p.  81. 
>•  Bun.  Soc  rain.,  Td.  *,  U81,  p.  lU. 

"Arab.  kL  Idifa.  nat.,  <tli  hi.,  toL  39, 1908,  p.  6ia    Bnatoa  Vugt,  Mln.  p«l.  2f itt..  to).  2G,  ISOe,  p.  «S. 
u  OmI.  Uac.,  ISOe,  p.  IIS. 

"CeotralbL  IChL,  Gad.  u.  Pol.,  leoe.pp,  «7,  728.  Quansel  puts  Ihs  nultfog  point  of  trldTialta  u  low 
M  Ifiea"  and  datma  to  tma  obmrrad  Incipient  fualou  U  1,100*. 
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both  minerals,  first  by  heating  a  mixture  of  oligoclase  and  quartz  with 
tungstio  oxide  and  later  from  amorphous  silica  and  the  same  flux. 
According  to  his  data,  quartz  fonued  below  1,000°  and  Iridymite 
above.  The  figures  obtained  by  A.  L.  Day  and  E.  S.  Shepherd  >  are, 
however,  much  more  precise,  lliey  found  that  quartz  is  the  unstable 
form  of  silica  at  all  temperatures  above  800",  and  will  go  over  into 
tridymite  whenever  the  conditions  are  favorable.  On  the  other  hand, 
when  tridymite  ia  fused  with  a  mixture  of  potassium  chloride  and 
lithium  chloride,  quartz  b^;ins  to  appear  at  about  750°.  When 
quartz  glass  was  devitrifled  at  1,200°,  or  crystalline  quartz  was  heated 
to  the  same  temperature,  homogeneous  cristobalite  was  formed. 
AcccH^lii^  to  E.  S.  Shepherd,  G.  A.  Rankin,  and  F.  E.  Wright,'  cristo- 
balite can  be  generated  in  pure  melts  of  siUca.  More  recently  also 
in  the  same  geophysical  laboratory,  C.  N.  Fenner '  has  studied  the 
stability  relations  of  the  silica  minerals  in  much  greater  detail  and 
reached  the  following  conclusions:  At  870°  ±  10°,  quartz  is  trans- 
formed to  tridymite.  At  Ijl?©"  ±  10",  tridymite  passes  ov«r  into 
cristobalite.  The  melting  point  of  oristobaUto  is  put  by  Fenner  at 
1,625'^,  much  lower  than  the  figure  already  cited  &om  Endell  and 
Rieke;  that  of  quartz  is  at  least  16S°  lower  stilL 

It  is  posdble  to  go  even  further  in  the  use  of  "quartz  as  a  geologic 
thermometer,"  to  use  the  significant  expression  of  F.  E.  Wright  and 
E.  S.  Larsen.*  Quartz  exists  in  two  modifications,  which  difier  in 
their  optical  properties,  and  which  also  yield  different  etch  figures  on 
treatment  with  cold  hydrofluoric  acid.  One  of  these,  a  quartz, 
edste  only  below  575°;  above  that  temperature  it  passes  into  ^ 
quarte,  the  change  being  reversible.  At  ordinary  temperatures  all 
quartz  is  a  quartz;  but  if  at  any  time  it  has  been  heated  above  675°. 
the  fact  is  recorded  in  its  structure  as  shown  by  its  etch  figures. 
Quartz,  therefore,  in  any.  rock,  must  have  been  formed  below  800°, 
and  its  peculiarities  indicate  whether  it  was  crystallized  below  or 
above  575°,  Vein  quartz,  and  the  quartz  of  some  pegmatites,  ware 
formed  at  the  lower  range  of  temperature;  granitic  and  porphyry 
quartzes  in  the  higher  portion  of  the  scale.  Like  quartz,  tridymite 
and  cristobalite  exist  each  in  two  modifications,  a  and  P;  which, 
with  their  transition  temperatures  have  been  studied  by  Fenner  and 
others.  SiUca,  then,  is  known  in  at  least  six  forms,  and  possibly  even 
more. 

■  Am.  Jmr.  Bd,  4tliss.,v(iL33,190«,p.  370.  Ct.  »Iao  O.  Bteln.Zsltschr.  umg.  Ch«iDle,  vol.  U,19D7, 
p.  IM. 

■  Am.  lour.  BcL,  4tli  as.,  toL  3S,  ISOS,  p.  ZS. 

■  Idem,  vol.  K,  1B13,  p.  331.  S«e  abo  ysluible  nutoaln  hj  K.  EndeU  and  n.Blak«,  ZdtHJn. 
«nag.Cli«m.,Tol,7B,iinZ,p.239;  Kin.  pet.  MiW.,T(J.31,l»l2,p.fi01;  A.  SmllsMid  K.BiidBlI,Zdlsohr. 
tDog-  Cbrem.,ToL  SO,  IMS,  p.  iTe.  The  Utcrsturc  Is  ver;  Tdmnlnous  and  can  gnly  ba  sapmHiiiBj 
bseUdhtre.   Tb*  wraral authgniiuirad give muiy  blbUoRiapblc relcreuces. 

•Am.  Jour.  Scl.,  4ths(i.,Tot.  28, 1B09,  p.  4Z1.  Ths  two  modiQcatlons of  qunU  were  flist reooenlfcd b; 
E.  LeCh*tdl«r,  Compt.  Read.,  vol.  IDS,  ISffl,  p.  lUB.  fiee  also  0.  Uflcgt,  Neu«s  Jahrb.,  Fatbuid,  1W7, 
p.  ISl,  and  other  authorities  dtsd  b;  Wilght  and  Lws«n. 
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In  bH  ptobability  quartz,  tiidymite,  luid  cristobalite  are  polymers 
of  the  fundamental  molecule  SiO,.  IMdymite  and  cristobalite  are 
the  lower,  less  complex  polymers,  and  therefore  are  more  stable  at 
high  temperatures.  They  are,  moreover,  less  dense  tkbau  quartz,  uad 
quartz  glass,  with  still  lower  density,  probably  approximates  most 
nearly  to  the  »mple  molecule  SiO,.  The  true  formula  of  quartz  is 
probably  not  less  than  SifOs,  and  may  be  much  higher.^  The  syn- 
thetic data  all  bear  out  these  conclusions  and  show  the  difficulty  of 
preparing  pyrogenic  quartz  from  m^matic  mixtures. 

J.  Morozewicz '  has  shown  that  when  an  artificial  magma,  prefe> 
ably  aluminous,  is  supersaturated  with  silica,  the  excess  of  the  latter 
separates  out  on  coaling,  partly  as  tridymite  and  partly  as  a  pris- 
matic modification  which  has  not  been  further  examined.  A.  liparite 
magma,  however,  containing  about  1  per  cent  of  tungstic  acid, 
solidifies  as  a  mixture  of  quartz,  sanidine,  and  biotite.  The  function 
c^  the  tungstic  acid  seems  to  be  to  liberate  silica  at  the  lower  range 
of  temperatures  through  which  quartz  can  form,  while  at  hi^er  tem- 
peratures the  reverse  reaction  takes  place  and  silica  is  reabsorbed. 
These  condusiona,  as  stated  by  Morozewicz,  are  drawn  from  his  own 
observations,  in  connection  with  the  experiments  by  HautefeuiUe, 
which  have  already  been  cited.  The  formation  of  still  a  Hard, 
prismatic  mocUfication  of  silica,  was  also  reported  by  Fouqu6  and 
L£vy,*  who  obtained  it  by  fusing  an  excess  of  silica  with  the  elements 
of  augite,  enstatite,  or  hyperathene. 

Next  to  the  feldspars,  quartz  is  the  most  abundant  mineral  in  the 
crust  of  the  earth.  Tridymite  is  rare.  From  a  discussion  of  about 
seven  hundred  analyses  of  igneous  rocks,  in  comparison  with  their 
mineralogical  characteristics,  quartz  appears  to  form  about  12  -pw 
cemt  of  the  entire  lithosphere.*  It  occtu^  in  many  forms  and  asso- 
oations — as  a  primary  mineral,  as  a  secondary  deposition,  as  a 
cementing  substance,  and  as  the  chief  constituent  of  quartzites  and 
sandstones,  Forphyritic  quartz  is  found  in  such  eruptives  as  quartz 
porphyry,  rhyolite,  dacite,  etc.  Granitic  quartz,  which  is  massive, 
represents  the  youngest  secretion  in  granite,  syenite,  diorite,  etc., 
and  is  pecuharly  rich  in  hquid  or  gaseous  inclusions.  It  is  the  sur- 
jiva  of  silica  left  over  after  the  bases  have  been  satisfied,  and,  being 
probably  lees  in  amount  than  the  eutectic  ratio  demands,  it  remains 
in  solution  to  near  the  end  of  the  sohdifying  process.  We  have 
already  noted  and  criticized  Vogt's  conclusions,'  to  the  effect  that 
microp^matite  is  a  true  eutectic  mixture  of  feldspar  and  quartz, 
containing  about  25  per  cent  of  the  latter  mineral;  and  the  glass  base 

1  9w  p.  W.  Cluks,  Bull.  U.  B.  Qsol.  Survey  No.  583,  int,  p.  13. 

>  lUn.  pel.  Ultt.,  voL  18,  ISBS,  pp.  15S-1SS. 

'  BynUitea  d«s  taSnttaax  «t  ire  roches,  pp.  SS.  St. 

•  T.  W.  Clarke,  BnlL  IT.  S.  0«d.  Burver  No.  238, 1«M,  pp.  IB,  3D. 
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or  groimdmass  of  many  rocks  has  similar  composition.  It  is  easy  to 
understand  from  a  consideration  of  the  synthetic  experiments  why 
sihca  should  form  glass  during  the  solid^cation  of  a  mE^ma,  but 
the  generation  of  quartz  is  a  less  simple  matter,  Laras  b^n  to 
solidify  at  temperatures  above  the  transition  point  of  quartz,  and 
the  development  of  the  latter  in  such  a  rock  as  rhyolite  is  probably 
a  result  of  very  slow  cooling,  or  even  supercooling.  That  is,  the 
temperature  of  the  cooling  mass  is  probably  held  for  a  long  time  just 
below  the  transition  point,  so  that  quartz  forms  instead  of  tridymite. 
The  formation  of  quartz,  especially  in  plutonic  rocks,  is  possibly  also 
conditioned  by  pressure,  and  it  is  likely  that  magmatic  water,  by 
reducing  the  temperature  of  fusion,  may  aid  in  its  deposition.  Under 
great  pressure  the  denser  quartz  should  tend  to  form  rather  than 
tridymite.  The  latter  mineral  is  characteristic  of  volcanic  rocks, 
especially  of  rhyolite,  trachyte,  and  andesite.  The  occurrence  of 
tridymite  in  Mont  Pel6e  has  been  especially  studied  by  A.  Lacroix.* 
Rocks  collected  soon  after  the  eruptions  contained  none  of  this  min- 
eral, which  b^an  to  appear  about  six  months  later.  Lacroiz  there- 
fore regards  tridymite  not  as  an  immediate  crystallization  from  iha 
magma,  hut  as  having  been  formed,  after  cooling,  by  the  action  of 
magmatic  gases  on  the  aodeeitic  paste.  In  recent  lavas  quartz 
occurs  but  rarely.  In  some  cases,  however,  quartz  has  been  observed 
in  basalts — that  is,  in  rocks  which  are  capable  of  assimilating,  as  sili- 
cates, more  silica  than  they  contain— hut  in  most  instances  tbis 
quartz  is  regarded  as  foreign  and  representing  accidental  inclusions. 
There  are  quartz  basalts,  however,  in  which  the  quartz  appears  to  be 
an  original  and  early  secretion  from  the  magma,  and  these  examples 
are  not  easy  to  explain.  In  fact,  no  final  explanation  of  them  has 
yet  been  proposed."  The  dissociation  hypothesis,  offered  in  the  pre- 
ceding chapter  to  account  for  the  coexistence  of  quartz  and  mag- 
netite, has  perhaps  the  maximum  of  probability. 

Secondary  quartz  may  be  produced  by  several  processes.  Certain 
hydrous  silicates,  like  talc  and  pectohte,  are  broken  down  by  mere 
ignition,  with  liberation  of  free  silica.  Possibly  this  fact  may  have 
some  bearing  upon  the  formation  of  quarts  as  a  contact  mineral. 
Most  silicates  are  decomposable  by  percolating  waters,  and, we  have 
already  seen  that  silica,  in  a  greater  or  less  amount,  is  almost  invari- 
ably present  in  springs  and  rivers.  Silica  so  dissolved  ia  redeposited 
by  evaporation  as  opal,  but  when  alkalies  are  present,  according  to 

1  BnU.  Boo.  mliL,  toI.  2S,  190C,  p.  G6.  Sm  aiso  LbctoIx  on  tridymlle  from  Vesuvliu,  idem,  ToL  31, 19Di^ 
p.  333. 

■  Sea  f.  P.  IddliKS,  BuU.  17. 6.  OmL  Survay  No.  M,  18B0,  and  Am.  Jour.  BcL,  3d  Mr.,  ti^  3a,  188S,  p.  208, 
on  quarti  basalts  bum  Nev  Uexlco;  and  I.  S.  DUlcr,  BulL  D.  S.  Qeol,  8iin«7  No.  7tl,  1891,  on  quart!  bnalli 
from  CsUrnnla.  Akoanoto  by  DUlv,  la  Sdence,  1st  aer.,  yol.  13,  l8SS,p.  S33,  on  pccphyrilio  quarti  la 
wuptlvBTDOka.  In  BqU.  No.  7B  riUler  eltM  many  references  to  Blmilar  roclcs  (n 
dbousUB  at  soms  length  the  possible  orieJn  ol  the  quarti  but  reachn  nc 
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G.'Spesia,*  quartz  is  formed.  Spezia  also  observed  that  when  opal 
was  heated  with  a  solution  of  &a  alkaline  silicate  it  was  transformed 
iDto  an  oggr^ate  of  quartz  crystals.  At  high  temperatures  a  dilute 
solution  of  Bodiiun  siHcate  dissolves  quartz  to  some  extent,  but  the 
latter  is  redepodted  at  lower  temperatures.'  A  6  per  cent  solution  of 
borax,  under  pressure  and  at  290°  to  315,°  attadts  quartz  strongly, 
but  at  12°  to  16°,  even  under  very  great  pressure,  no  solution  was 
noted.*  These  experiments  by  Spezia  shed  much  li^t  upon  the 
deposition  of  opal  or  quarts  as  a  cementing  material.  There  is  also  a 
BuggestiTe  ezperiment  reported  by  Ramsay  and  Hunter,*  who  heated 
amorphous  sUica  with  water  to  200°  in  a  sealed  tube.  In  two  days 
the  silica  had  caked  together  to  a  granular  mass  of  glass.  The  quartz 
crystals  which  line  cavities  in  chalcedony  or  wood  opal  may  have  been 
formed  by  the  action  of  alkaline  silicates  upon  the  laat^amed  min- 
eral. Much  has  been  written  upon  the  solubility  of  quartz,  and  the 
corrosion  of  quartz  pebbles  has  repeatedly  been  noted.'  Quartz  may 
be  dissolved  and  replaced  by  pseudomorphs  of  other  minerals,  and 
silicates  are  often  decomposed  by  percolating  waters,  3delding  pseu- 
domorphs of  quartz.  Geolc^cal  hterature  contains  innumerable 
references  to  replacements  of  this  order. 

THE  FEIjDSPABS. 

Orihoekue. — ^Monoclinic.  Composition,  EAlSi^O,.  Molecular  weight, 
279.4.  Specific  gravity,  2.56.  Molecular  volume,  109.1.  Colorless, 
often  reddish  or  yellowish,  sometimes  gray  or  green.  Hardness, 
6  to  6.5. 

J/«eroc2in«.— Tridinic.  Compoffltion,  specific  gravity,  hardness, 
etc.,  like  orthoclase. 

AlbUe. — ^Triclinic.  Composition,  NaAlSi,0,.  Molecular  weight, 
263.3.  Specific  gravity,  2.805.  Molecular  volume,  101.1.  Colors  as 
in  orthoclase,  commonly  white.    Hardness,  6  to  6.5. 

Anorthodaae, — Triclinic.  Intermediate  in  composition  between 
albite  and  microcline. 

AnorthiU. — Triclinic.  Composition,  Ca.&l^i30g.  Molecular  weight, 
279.1.  Specific  gravity,  2.765.  Molecular  volume,  100.9.  Bhises  at 
1,550°.    Color,  white,  grayish,  reddish.    Hardness,  6  to  6.5. 

1  Joui.  Cham.  Soc. ,  vol.  7a,  pt.  2,  ISM,  p.  300. 

■  Idem,  Tol.  7S,  pt.  2, 1900,  p.  E». 

>  IdBm,  ToL  80,  pt.  3, 1901,  p.  SOS.  F(r  BjnfU's  orlgiDal  papas,  of  wlilcb  thtse  nota  an  abatncts,  aaa 
Attl.  Aooul  Tcrino,  vol.  31, 18*6,  p.  IM;  voL  33,  ISBS,  pp.  288,  S7fl;  vol.  3E,  1900,  p.  IK;  mai  voL  38, 19D0- 
1901,  p.  031. 

•  Rapt.  Brltbh  AraiK.  Adv.  BcL,  18S2,  p.  23S. 

•  B«e  C.  W.  Hayae,  BulL  Oeol.  Soo.  AnMrlca,  vol.  8, 1896,  p.  213;  U.  L.  FnHsr,  four.  Oflokgy,  vol.  K, 
lMl,p.81S;aiidC.H.Sni7tli,Am.;our.Sol.,ltb9Br.,v<d.lS,lH»,p.3TT.  On  tha  chemkal  reactlvf  tr  o( 
ql>rb,d[ietoltBBalubIUt7,BUF.  Blmie,  Ccmlnlbl.  Uln.,  Oeid,  n.  Fml.,  I901,p.  333.  On  thi  sohiblU^ 
Of  quarti  ts  alkalliiB  solutions,  BB  oanditloOBd  by  the  Bnams)  of  its  sabdtvlilaii.  Me  O.LaiigaBDd  C.  UID. 
lMrg,ZaltacliT.aii2«v.Cliemle,lMT,p.39a.  R.BcliirBnflnds(Zett3chT.aiiorg.CbeiDie,Tol.Te,19U,p.4£2), 
Uwt  the  (luea  ilUca  mbwrali  ore  veiy  dUferanC  as  regards  solabillcy  in  rBagoits.  Trldrmlta  and  cris- 
toballts  dlaoln  more  easily  and  rapidly  than  quartz,  and  quutx  glan  raon  easily  (till. 
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There  are  aeveral  minor  additions  to  be  made  to  thia  list.  A 
mouoclimc  equivalent  of  albite  appears  to  occur  as  an  admixture  in 
many  examples  of  orthodase,  and  sometimes  is  in  excess  of  the  potas- 
mum  compotmd.  According  to  P.  Barbier  and  A.  Proet  *  thia  soda 
orthodase  is  very  nearly  represented  by  a  supposed  albite  from 
KragerO,  Norway.  Similarly,  sodium  may  replace  calcium  in  anor- 
diite,  forming  a  toicdinic  isomer  of  nephelite,  with  the  formula 
Na,Al^i,0,.  Thia  compound  has  been  prepared  synthetically,  and 
also  identified  by  H.  S.  Washington  and  F.  E.  Wright '  as  a  constit- 
uent of  a  feldspar  from  the  Island  of  Linosa,  east  of  Tunis,  For  the 
sodium  anorthite  itself,  they  propose  the  name  cam^eite,  and  for 
the  mixed  feldspar,  in  which  it  is  associated  with  albite  and  anorthite, 
the  name  anemousite. 

The  mineral  cdsian  may  be  a  barium  anorthite,  BaAl^SijOa. 
Hyalophane  is  anotiier  barium  feldspar,  which,  however,  is  mono- 
clinic,  and  appears  to  be  a  mixture  of  s  salt  like  celsian  with  ortho- 
dase.   Traces  of  barium  are  often  found  in  feldspars. 

Albite  and  anorthite  form  the  extreme  ends  of  a  aeries  of  minerals 
known  as  the  pl^oclase  feldapara.  Several  stages  of  mixture  in  Hob 
aeries  have  received  distinctive  names,  as  shown  bdow.  The  symbols 
Ab  and  An  represent  albite  and  anorthite, respectively: 

Oligoclaae Ab.Aiii  to  Ab,An,. 

AndeHios AbtAn,  to  Ab|Aii,. 

Labiadorite AbiAni  to  Ab,Aii,. 

Bytovnite AbiAn,  to  Ab|Aii«. 

These  feldspars  are  generally  r^arded  as  isomorphoua  mixtures  of 
the  two  end  species;  but  some  authorities  consider  them  as  repre- 
senting definite  compounds,  which,  in  their  turn,  may  commingle 
isomorphously  in  any  proportion.*  The  prevalent  opinion,  however, 
seema  to  be  fuHy  confirmed  by  the  most  recent  investigations,  esp^- 
cially  by  those  of  A.  L.  Day  and  his  colleagues,  E.  T.  Allen,  R.  B. 
Sosman,  and  N.  L.  Bowen,*  whose  detemunations  of  mdting  points 
form  a  r^ular  linear  series.  The  latest  figures,  representing  com- 
plete fusion,  by  Bowen,  are  as  follows: 

MetttTig  points  of  feldspar. 


'0. 

An..... 1,550 

AbjAn. 1,521 

AbiAnj 1,490 

AbjAn, 1,450 


"G.  I 

Ab^, 1.394  I 

Ab^, 1,362  I 

Ab^An, 1,334  I 


Ab^An,. 


.  1,266 


iBaILS(xi.c]iIm.,4(linr.,rOL3,lM8,p.3H.    W.  T.  SotuUer (Am.  Jour.  SoL, 4tta  ■«.,  vid.  30,  laiO, p.  | 

358)  pn^Kiaei  to  nuna  tbb  soda  ortlioclaaa  barblalle. 

■  Aiii.Joar.act.,4thBaT.,Tid.29,I9];0,p.SI.    For  iinitlKtK:  data  sea  N.  L.  Bovcm,  Am.  Jour.  BcL,  4th  i 

«v.,vol.3a,1912,p.SSl.   HaglTwnfueiicatociHUBilitaratura. 

•  BM.brexan^,  W.  Ttntsenlw.ZeltnibT.  Kryst.  Uln.,  toL  38,  p.  132, 19C0. 

•  Dsy  mi  Allfflt,  An.  Jam.  ScL,4th  lar.,  vol.  IS,  1«05,  p.  93.    Day  and  Boanuin,  Idem,  vgl.  tl,  loll,  p. 
MI.    B<nnn,ldem,rDL3i,lS13,p.G77. 
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These  figures  ^ve  a  regular  curve,  but  as  the  albite  end  of  the 
series  is  approached  the  mixtures  become  too  viscouB  to  admit  of 
good  melting-point  measurements.  It  should  be  noted  that  the 
observations  were  made  upon  artifidal  preparations  of  great  purity. 

Of  all  the  feldspars  anortliite  is  the  one  most  easily  made  pyro- 
genically.  In  the  investigation  by  Bay  snd  Allen  just  cited  it  was 
prepared  without  difficulty  by  simply  fusing  its  constituent  oxides 
together;  and  this  observation  is  in  accord  with  the  results  obtained 
by  previous  experimenters.  J.  H.  L.  Vc^ '  observed  its  formation 
in  slags,  and  J.  Morozewicz '  repeatedly  obtained  feldspars  varying 
from  labradorite  to  neariy  pure  anorthite  in  his  experiments  with 
artificial  magmas.  Fouqu6  and  L4vy=  obtained  anorthite  direcUy 
from  its  constituents;  and  S.  Meunier,*  upon  fusing  silica,  lime,  and 
aluminum  fluoride  together,  found  sillimanite,  tridymite,  and  anor^ 
thite  in  tlie  resultant  mass.  Anorthite  is  also  formed  by  the  break- 
ing down  of  other  more  complex  silicates.  A.  Des  Cloizeaux,'  by  fus- 
ing garnet  and  vesuvianite,  obtained  crystals  which  Fouqu6  and  L^vy 
identified  as  anorthite;  and  similar  results  are  reported,  with  much 
more  detail,  by  C.  Doelter  and  E.  Hussak."  Doelter^  also  found 
anorthite  among  the  products  formed  by  fusing  epidote,  axinite,  chab- 
azite,  and  scolecite.  Finally,  C.  and  G.  Friedel*  prepared  anorthite 
in  the  wet  way  by  heating  muscovite  with  lime,  calcium  chloride,  and 
a  little  water  to  500°  in  a  steel  tube.  Feldspars  analogous  to  anor- 
thite, oligoclase,  and  labradorite,  but  containing  strontium,  barium, 
or  lead  in  place  of  calcium,  were  also  obtained  by  FouquS  and  L6vy  * 
when  mixtures  of  sihcaj  alumina,  sodium  carbonate,  and  the  proper 
monoxide  were  heated  together  to  temperatures  a  little  below  the 
point  of  fusion.  Plagioclase  feldspars  containing  potassium  have 
been  made  synthetically  by  E.  Dittler."  A  microctne  from  the 
Ilmen  Moxmtains,  described  by  W.  Vemadsky,"  contained  rubidium 
to  the  extent  of  3.12  per  cent  RbjO. 

All  attempts  to  prepare  the  alkali  feldspars  by  simple  dry  fusion 
have  failed.  Whether  the  constituent  substances  are  takrai  or  the 
natural  minerals  themselves  are  fused,  the  product  is  always  a  glass, 
without  any  distinct  evidences  of  crystallization.  Anorthite,  as  we 
have  seen,  crystallizes  easily,  and  the  intermediate  feldspars,  which 
form  without  difficulty  near  the  anorthite  end  of  the  series,  become 

•  Ulu.  put  Ifltt.,  vo[.  IS,  ISM,  p.  ue. 

'  SjiiClitM  des  mlntoiax  et  dee  njcheG,  p.  13S. 
«CoiDpt.  Rend.,  vol  111,  18>a,i>.  Wg. 

•  Uaimel  de  mlnftalogii,  vol.  1, 1862,  pp.  377,  H3. 

•  NennJahrb.,  1S«,  BaDdl.p.  IfiS. 

TIdwn,  18ST,  Band  l,p.  1;  AUgUDBlne  nnd  dwmlHlui  Xliurakiglt,  p,  ISS, 
■  Compt.  Sand.,  Tol.  110, 18M,  p.  1170. 

•  STnthtee  des  mlsaraiu  et  du  rochea,  p.  1*5. 
w  lUn.  peL  liltt.,  vol.  29,  ISIO,  p.  273. 
u  BdIL  Soc  m^L,  ToL  36, 1*14,  p.  IBS. 
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more  aod  more  unmanageable  as  we  approach  albite.  This  fact  was 
obserred  by  Fouqu6  and  L^vy '  and  corroborated  by  Day  and  Allen, 
the  latter  having  also  shown  that  the  viscosity  of  the  alkaline  com- 
pounds impedes  their  crystallization,  at  least  within  any  reasonable 
time  which  can  be  allowed  for  a  laboratory  experiment.  Albite,  how- 
ever, may  be  recrystallized,  as  J.  LeneriSid '  has  shown,  when  it  is 
fused  with  half  ita  wei^t  of  m(^;netite.  The  mixtm'e  forms  a  mobile 
liquid  in  which  crystallization  can  take  place.  Other  substances 
also  render  crystallization  possible.  P.  Hautefeuille '  heated  an 
alkaline  alumosilicate  of  sodium  to  900°-1,000°  witii  tungstic  acid 
and  obtained  albite.  A  similar  experiment  with  a  potassimn  alumo- 
silicate yielded  orthoclase,'  and  a  mixture  of  silica,  alumina,  and 
acid  potassium  tungstate  gave  the  same  result.  By  heating  a  potas- 
sium alumosilicate  mixture  with  alkaline  phoephatea  to  which  an 
alkaline  fiuoiide  had  been  added,  Hautefeuille  *  produced  both  quartz 
and  orthoclase,  and  a  potassium  feldspar  was  also  obtained  by  Doel- 
ter  *  when  a  mixture  corresponding  to  EAlSiO^  was  fused  with  potas- 
sium fluoride  and  silicofluoride.  How  these  extraneous  sabstancea 
act  is  not  clear.  Day  and  Allen,'  repeating  a  part  of  Hautefeuille's 
work,  heated  a  powdered  albite  glass  with  sodium  tungstate  and 
succeeded  in  bringing  about  crystallization.  The  fragments  of  glass, 
however,  became  crystalline  without  change  of  form,  and  their  out- 
lines were  unaltered — that  is,  the  transformation  from  the  vitreous 
to  the  crystalline  modification  took  place  without  solution  of  the 
material.    The  mechanism  of  this  reaction  is  quite  unexplained. 

By  hydrochemical  means  the  alkali  feldspars  are  more  easily  pre- 
pared. C.  Friedel  and  E.  Sarasin  *  heated  gelatinous  silica,  precipi- 
tated alumina,  and  caustic  potash  t<^ether,  with  a  little  water,  to 
dull  redness  in  a  steel  tube.  Quartz  and  orthoclase  were  produced. 
In  a  later  investigation  *  they  heated  a  mixture  having  the  composi- 
tion of  slbite,  with  an  excess  of  sodium  silicate,  to  about  600°  and 
obtained  albite.  The  same  process,  essentially,  was  followed  by  K. 
Cbrustschofi,'"  who  heated  an  aqueous  solution  of  dialyzed  silica  with 
a  little  alumina  and  caustic  potash  to  300°  during  several  montiis, 
when  quartz  and  orthoclase  formed.  C.  and  G.  Friedel  ^'  also  pre- 
pared orthoclase  by  heating  muscovite  with  potassium  silicate  and 
water  to  500°.    In  a  series  of  experiments  in  which  amorphous  eilica 

■  Srnilites  das  mlniraui  at  d«i  nxJiM,  h>.  la-Ui. 

•  GmtnlbL  UIiL,  OeoL  n.  FaL,  IKB,  p.  T06. 
'  Compt.  Bend.,  vol.  M,  187T,  p.  1301, 

<  Idem,  vol.  86, 1S77,  p.  062. 

( Idem,  voL  W,  isgo,  p.  aao. 

•  NtatB  Jahrb.,  1897,  Band  1,  p.  1. 

'  Am.  Jour.  acl.,4th  nr.,  n>L  10, IBOl, p.  11!. 

•  Compt.  Rend.,  toL  92,  IBSl,  p.  137^ 

•  Id«iD,  Tol.  97, 1SS3,  p.  200. 
I*  Idem,  Tol.  104,  laST,  p.  M2. 
D  Idem,  voL  110,  ISBO,  p.  IITS, 
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was  heated  with  potassium  or  sodium  aluminate  and  water  to  520° 
in  a  steel  bomb,  E.  Baur  *  detennined  the  conditions  under  which 
quartz  alone,  feldspar  alone,  or  both  together,  could  form.  When 
the  silica  was  in  excess,  quartz  appeared;  with  silica  and  the  alumi- 
nate in  nearly  equal  proportions,  both  minerals  crystallized;  when 
the  aluminate  preponderated  in  the  mixture,  only  feldspar  formed. 

The  feldspars  are  by  far  the  most  abundant  of  tdl  the  minerals  and 
form  neuly  60  per  cent  of  the  material  contained  in  the  igneous 
rochs.'  Among  the  latter  only  the  p3rroxenites,  peridotites,  leucitites, 
and  nephelinitea  contain  no  feldspars,  or  at  most  contain  them  in 
quite  subordinate  quantities.  The  monoclinic  alkali  feldspars  are 
especially  characteristic  of  the  more  siliceous  plutonic  rocks,  although 
they  also  occur  in  many  eruptives  and  in  metamorphic  schists.  In 
granite,  for  example,  orthoclase,  quartz,  and  miiscovite  are  the  con- 
spicuous minerals.  Albite  is  also  found  under  similar  conditions. 
In  the  less  siliceous  rocka,  such  as  gabbro  or  basalt,  the  pla^oclases 
are  more  abundant,  and  the  feldspars  approach  anorthite  in  compo- 
mtion  as  the  proportion  of  silica  in  a  magma  decreases.  This  state- 
ment, howevw,  must  be  construed  as  indicating  a  tendency,  not  as 
the  formulation  of  a  distinct  rule.  The  more  sihceous  rocks  contain 
preferably  the  more  siliceous  feldspars,  and  vice  versa.  Anorthite 
has  also  been  repeatedly  observed  in  meteorites,  and  it  is  not  uncom- 
mon as  a  contact  mineral  in  Umestones.'  Orthoclase,  probably  of 
aqueous  origin,  sometimes  occurs  as  a  gangue  mineral  in  metalliferous 
figure  veins.* 

Ilie  feldspars  are  all  highly  alterable  minerab  and  their  alteration 
products  are  both  numerous  and  important.  They  are  attacked  by 
water  alone,  more  so  by  water  containing  carbon  dioxide,  and  still 
more  vigorously  by  acid  waters,  such  as  issue  from  volcanic  vents  or 
are  formed  by  the  oxidation  of  sulphides.  Alkaline  solutions  also 
exert  a  powerful  decomposing  action  upon  this  group  of  silicates. 
Among  the  many  experiments  relative  to  this  class  of  reactions  those 
of  A.  Daubr^e '  are  perhaps  the  most  classic.  Fragments  of  ortho- 
dase  were  agitated  with  water  alone  by  revolution  in  a  cylinder  of 
iron  during  192  hours.  From  5  kilograms  of  the  feldspar  12.6  grams 
of  K,0  were  thus  extracted  and  found  in  the  filtered  solution.  To 
water  charged  with  carbon  dioxide  2  kilograms  of  orthoclase,  after 
10  days  of  station,  yielded  0.27  gram  of  K,0,  with  0.75  gram  of 

iZeltschr.  lAysOal.  ChenilB,ToL12,1903,p.  SS7.     Tha  paper  Is  Hlostnted  bj  dlivvni  bond  upon  ths 
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•  See  r,  W.  Cltrke,  BuU.  tJ,  S.  Otd.  SurrBy  No.  «18,  IBIO,  p.  «. 

>  For  Azamida,  orT^Aali  ol  aaDrthlle  occur  irlth  epldote  In  the  Umeatone  at  FUppsburg,  lb.,  and  alao 
wfOi  garnet,  K^oUU,  etc,  at  Baymond,  He.  SeeBolL  tJ.  B.  Qeol.  Surra;  Ho.  113,  lSa3,p.  110,and 
BilU.No.U7,UaO,p.a».  C.H.Warr«ii(AiiL  Jour.  ecL,«thBer.,VDLll,  ieoi,p.  SMjdociftMKztTsrtali 
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•  W.Lliiderai<Aiii.Ioar.fici,4l]iser.,v()l.£,lg88,p.4ls)}ia]d«cTlbedaDa(iciinfoMotail9ldndiiaM 
BOov  CIt7,  Idabo.    BeglTesaniuiiberafreiereaceato  oUier  localities. 
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free  silica.  With  alkaline  aolutions,  especially  at  elevated  tempera^ 
tures  and  under  pressure,  the  changes  are  even  more  striking,  as  shown 
by  J.  Lembei^'s  investigationB.^  Labradorite,  heated  324  hours  to 
215°  with  a  sodium  carbonate  solution,  yielded  cancrinite.  Other 
feldspars,  similarly  treated,  but  with  variations  in  detail,  were  trans- 
formed into  analcite.  With  glasses  formed  by  the  fusion  of  feldspu?, 
and  with  potassium  carbonate,  zeolitea  of  the  diabazite  and  pluUip- 
ute  seriee  were  produced. 

The  end  products  of  the  alteration  of  feldspars  are  commonly 
kaolinite  and  quartz.  Other  hydrous  silicates  of  alumina  are  prob- 
ably also  foTxaed.  When  the  alkalies  have  not  been  wholly  withdrawn, 
muscovite  is  a  common  alteration  product.  Many  of  the  zeolites  are 
generally  interpreted  as  hydrated  feldspars,  those  which  contun  lime 
having  been  derived  from  plt^ocLase.  From  anorthite  calotte  may 
be  formed.  ScapoUtes,*  epidote,  and  zoisite  are  also  not  UDCommon 
derivaUves  of  feldspara.  Finally,  by  substitution  of  bases,  one  feld- 
spar may  pass  into  another,  aa  in  the  alteration  of  orthoclase  into 
albite.* 

I^nCITE  AND  ANALCITE. 

Leuaie. — Isometric.  Composition,  KAlSijOg.  Molecular  weight, 
219.  Specific  gravity,  2.5.  Molecular  volume,  87.6.  Color,  white  to 
gray.    Hardness,  5.6  to  6.    Fuses  at  about  1,420°. 

.^Ttolcite.— Isometric,  Composition,  NaAlSijOg-HjO.  Molecular 
weight,  220.9.  Specific  gravity,  2.25.  Molecular  volume,  98.2. 
Colorless  or  white,  sometimes  tinted  by  impurities.*  Hardness,  5  to 
6.5. 

Although  leucite  and  analcito  are  widely  separated  in  mineralogical 
classification,  one  being  placed  near  the  feldspars  and  the  other 
among  the  zeolites,  they  belong  chemically  together.  They  are  simi- 
lar in  form  and  in  composition,  and  are  connected  by  so  many  rela- 
tions that  they  can  not  be  adequately  studied  apart.  Analcite,  to  be 
sure,  differs  from  leucite  in  respect  to  hydration,  but  G.  Friedel '  has 
shown  that  its  water  is  not  a  part  of  the  essential  crystalline  molecule. 
When  heated  in  sealed  tubes  with  dissociating  ammonium  diloride, 
leucite  and  analcite  both  yield  the  same  ammonium  derivative,* 
NH^AlSijO,.  Furthermore,  as  the  experiments  of  J,  Lemberg  ^  and 
S.  J.  Thugutt  *  have  shown,  the  two  species  are  easily  convertible,  the 
one  into  the  other.     When  leucite  is  heated  to  180-195°  with  a  solu- 
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tion  of  sodium  chloride  or  aodium  carbonate,  analcite  is  foimed. 
Acalcite,  siinilarly  treated  with  potassium  salts,  is  coavertad  into 
Utucite. 

Leu<nte  and  analcite  are  both  easily  prepared  synthetically.  Leu- 
ate  Cfm  be  formed  by  simply  fusing  together  its  constituent  oxides 
and  cooling  the  mass  slowly.  This  process  was  followed  by  Fouqu6 
and  lAvy,^  who  also  formed  leucite,  with  other  minerals,  from  T&rioua 
artificial  mf^mas.*  By  fusion  of  its  constituents  with  potassium  van- 
adate, P.  Hautefeuille  *  obtained  measurable  crystals  of  leucite.  The 
same  result  followed  the  fusion  of  muscovite  with  potassium  vanadate. 
Syntheses  of  leucite  by  indirect  methods,  with  the  intervention  of 
fluorides  or  of  silicon  cMoride,  have  also  been  effected  by  S.  Meu- 
nier  *  and  A,  Duboin.*  C,  Doelter,^  by  fusing  a  mixture  equivalent 
to  AtjO,  +  2SiO,  with  sodium  fluoride,  prepared  a  soda  leucite, 
NaAlSi,0,. 

When  microcline  and  biotite  are  fused  together,  leucite  appears 
among  the  products;'  and  Doelter*  found  that  it  was  formed  when 
muscovite,  lepidolite,  or  zinnwaldite  was  fused  alone.  It  was  also 
produced  hydrochemically  by  C.  and  G.  Friedel  *  when  muscovite  was 
heated  to  600°  in  a  steel  tube  with  silica  and  a  solution  of  potassium 
hydroxide. 

The  syntheeee  of  analcite  have  all  been  effected  under  pressure,  and 
in  the  wet  way.  A.  de  Schulten'"  heated  sodium  silicate,  caustic  soda, 
and  water,  in  contact  with  aluminous  ^ass,  at  a  temperatiure  of  180° 
to  190°.  He  also  produced  fmalcite  by  heating  a  solution  of  sodium 
Eulicate  with  sodium  aluminate,  in  proper  proportions,  to  180°  for 
eighteen  hours."  C  Friedel  and  £.  Sarasin"  prepared  analcite  by 
heating  predpitated  aluminum  silicate  with  sodium  silicate  and  watw 
to  600°  in  a  sealed  tube.  J.  Lemberg"  derived  analcite  from  andesine 
and  oligoclase  by  prolonged  heating  with  sodium  carbonate  solutions 
at  210°  to  220°.  These  transformations  illustrate  the  ready  formation 
of  analdte  as  a  secondary  mineral.  They  are  not,  however,  all  strictly 
similar.  Analcite  derived  from  leucite  can  be  transformed  into  leucite 
again,  as  we  have  already  seen;  but  according  to  S.  J.  Tbugutt'*  the 
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reaction  vith  andesine  is  not  reversible.  The  two  Hlterations,  theT«< 
fore,  are  chemically  unlike.  Analcite  may  bIbo  be  generated  by  alter- 
ation from  eleeolite  and  t^irite.'  When  formed  with  other  zeolites, 
it  is  the  earliest  one  to  appear. 

Leadte  is  a  mineral  characteristic  of  many  recent  lavas,  but  not 
fotmd  in  the  abyssal  ro(^.  Its  absence  from  the  latter  and  older 
depositioQj  may  be  due  to  its  easy  alteration  into  other  spedes;  hot 
such  an  explanation  is  of  course  only  tentative.  Its  formation  takee 
place  only  when  the  potasdum  of  a  magma  is  in  excess  over  the 
amount  required  to  form  feldspars.  When  the  excess  is  small,  lendte 
and  feldspar  may  both  appearj  when  it  is  latge  enough,  leucite  alone 
forms.  Comparatively  speaking,  it  is  rather  a  rare  mineral;  a  fact 
whidi  is  possibly  explained  by  some  observations  of  A,  Lagorio.*  In 
an  artifidal  leucite-tephrite  magma,  kept  at  a  red  heat,  the  difficultly 
fusible  leucite  crystalUzes  out.  If,  then,  the  temperature  is  rused, 
the  mineral  redissolves;  if  lowered,  the  mass  becomes  so  viscous  that 
the  crystallization  of  leudte  ceases.  In  brief,  the  formation  of  leudte 
Beems  to  be  possible  only  through  a  very  narrow  range  of  tempera- 
tures, and  the  favorable  conditions  do  not  often  occur.* 

Analcite  is  moat  frequently  found  as  a  secondary  mineral,  the  prod- 
uct of  zeohtization;  and  imtil  recent  years  it  was  supposed  to  have 
no  other  origin.  It  was  often  noted  in  eruptive  rocks,  but  it  was 
supposed  to  be  always  a  product  of  alteration.  It  is  now  generally 
recognized,  however,  that  analcite  may  occur  as  an  original  pyrogenic 
mineral;  but,  being  a  hydrated  species,  it  can  so  appear  only  in 
deep-seated  rocks,  where  it  has  been  f  onned  under  pressure.  W.  lind- 
gren,*  for  example,  identified  it  in  the  sodalite  syenite  of  Square 
Butte,  Montana.  In  certain  rocks  analcite  has  probably  been  erro- 
neously identified  as  g^ass;  for  instance,  in  the  monchiquites,  which 
L.  V.  Pirsson  *  int^prets  as  analcite  basalts  equivalent  to  the  similar 
lendte  lavas.  W.  Cross,*  has  desiaibed  an  analcite  basalt  from  near 
Pikes  Peak,  Colorado,  and  has  also  identified  primary  analcite  in  the 
phonolites  of  Cripple  Creek.^  The  groundmoss  of  a  tinguut«  from 
Manchester,  Massachusetts,  according  to  H.  S.  Washington,*  consists 
of  analdte  and  nepheUne;  and  J.  W.  Evans  *  has  identified  the  min- 
eral in  a  monchiquite  from  Mount  Gimar,  India.  In  the  last  instance 
some  of  the  analcite  has  been  transformed  into  a  mixture  of  feldspar 
and  nephcline.    The  extreme  case  of  an  analcite  rock,  however,  is 
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the  heronite  from  Heron  Bay,  Lake  Superior,  deecribed  hy  A.  P. 
Coleman.^  This  is  a  dike  Tock  containing  analcite,  plagiodase,  ortho- 
clase,  and  eegirine,  in  which  the  anaLcite  forma  47  per  cent  of  the  mass. 
In  the  analcite  diabase  described  by  H.  W.  F^banks,*  the  analcite 
may  have  been  derived  from  nepheline.  It  is  partly  replaced  by 
feldspar,  and  partly  altered  into  a  mineral  which  may  be  prehnite. 
Analcite  also  alters  into  kaolin.* 

Alterations  of  leucite  into  analcite  have  been  repeatedly  observed, 
as  in  the  Saxon  Wiesenfihal  *  and  in  the  Highwood  lifountuns,  Mon- 
tana.* The  moat  notable  transformalion  of  leucite,  however,  is  into 
pseudomoiphs  of  mixed  orthoclase  and  nepheline,*  The  "psendo- 
leucite"  crystals  of  M^;net  Cove,  Arkansas,  are  a  miztnxe  of  this 
kind. 

THE  NEPHBTiITE   GBOtTP. 

Nephdite  or  ekeoUte. — Hexagonal.  Simplest  empirical  formiila, 
NaAlSiO«.  Coiresponding  molecular  weight,  142.5.  Specific  grav- 
ity, 2.55  to  2.65.  Moleciilar  volmne,  64.8.  Melting  point,  1,526°, 
Bowen.  Normally  wlute  or  coloriess;  often  tinted  yellow,  gray, 
greenish,  or  reddish  by  impurities.    Hardness,  5.5  to  6. 

EaliopMlite  or  phacdite. — Hexagonal.  Composition,  KAlSiO^. 
Molecular  wei^t,  158.6.  Specific  gravity,  2.6  to  2.6.  Molecular 
volume,  6.1.    Colorless.    Hardness,  6. 

Eucryptite.  — Hexagonal.  Composition,  liAlSiO*.  Molecular 
weight,  126.5.  Specific  gravity,  2.67.  Moleeolar  volimie,  47.3. 
Colorless  or  white.  Only  known  as  produced  by  the  alteration  of 
spodomene. 

Kaliophilite  and  eucryptite  are  rare  minerals,  having  slight  geo- 
logical significance.  They  are  included  here  because  of  the  light  they 
shed  upon  the  composition  of  nephelite.  The  formula  given  for 
the  latter  species  is  analogous  to  the  formulte  of  kaliophilite  and 
eucryptite,  and  is  also  that  of  the  artificial  mineral.  Natural  neph- 
elite or  eleeolite  always  varies  from  the  theoretical  composition,  and 
approximates  more  nearly  the  formula  Na,KjAl,Si,03(.  This  varia- 
tion is  probably  due,  first,  to  isomorphous  admixtures  of  kaliophilite, 
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and  poeeibly  also  to  the  presence  of  Bilica  or  albite  as  impurities  in 
the  normal  orthosilicate.  This  supposition  is  put  in  more  definite 
^ape  by  H.  W.  Foote  and  W.  M.  Bradley,^  who  r^ard  natural 
nepbelite  as  the  normal  compound  with  other  silicatee  or  silica 
present  in  "sohd  solution."  The  same  hypothesis  may  explain  the 
similar  Tariations  in  cancrinite,  sodalite,  and  other  species.  The 
expression  "solid  solution,"  however,  should  be  used  with  caution. 
It  probably  confuses  a  number  of  difierent  phenomena,  to  which 
specific  names  quite  properly  belong.  Isomorphous  mixtures  or 
mix-crystaJs  are  well  known;  occlusion  describes  another  form  of  im- 
purity; a  sohd  (or  solidified)  solution  like  glass  is  not  at  all  the  same 
as  either  of  the  others.  Under  the  name  pseudonephehte  F.  Zam- 
bonini  *  has  described  a  normal  isomorphous  mixture  from  Capo 
di  Bove  having  the  formida  (NajKlAlSiO,.  The  equivalency  of 
nephelite  and  kahophilite  is  well  shown  by  an  experiment  of  J,  Lem- 
berg.'  He  heated  elfeohte  ono  hundred  hours  to  200°  with  a  solution 
of  potassium  silicate,  and  obtained  an  amorphous  product  having 
the  composition  KAlSiO,. 

F.  HautefeuiUe  *  prepared  an  artificial  nephelite  by  fusing  a  mix- 
ture of  silica  and  sodium  aluminate  with  a  flux  of  lithium  vanadate. 
Fouqu£  and  L^vy '  obtained  the  mineral  more  directly  by  fusing  its 
constituents  together,  and  so,  too,  did  C.  Doelter.*  Doelter's  propu«>- 
tion  agreed  closely  with  the  empirical  formula  NaAlSiO^.  Accord- 
ing to  Fouqu^  and  L6vy,  nephelite  is  one  of  the  minerals  which  crystals 
lize  most  easily  from  fusion.  S.  Meunier  ^  prepared  nephelite  leas 
simply,  by  fusing  silica,  alim[iina,  and  soda  with  cryolite;  and  A. 
Duboin  '  eGFected  the  synthesis  of  kaliophilite  when  potassium  fluoi^ 
ide,  alumina,  and  silica  or  potassium  fluosilicate  were  fused  together. 
By  similar  processes  Doelter  *  obtained  both  nepbeUte  and  kahoplu- 
lite.  C.  and  G.  Friodel  "  converted  muscovifce  into  nephelite  by  heat- 
ing with  a  solution  of  caustic  soda  to  500°  in  a  steel  tube.  The  pres- 
ence of  nepheUte  in  pseudomorphs  after  leucite  was  noted  in  the 
description  of  the  latter  mineral.     An  amorphous  silicate  having  the 
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compositioii  of  nephelite  was  obtained  by  R.  Hoffm&mi  >  when  kaolin 
and  dry  sodium  carbonate  were  heated  together,  and  a  similar  result 
was  reached  by  A.  Goi^u  *  and  P.  G.  Silber.*  When  Gorgeu  heated 
•  kaolin  with  potassium  iodide,  a  salt  like  kaliophilite  was  formed.  In 
tiheee  reactions  the  temperature  was  kept  below  that  at  which  ihe 
materials  would  sinter  t<^ther. 

Nephehte  is  rarely  foimd  except  in  igneous  rocks.*  The  glassy 
crystalBzed  variety  foimd  in  recent  lavas  is  commonly  known  by  the 
first  name  of  the  species;  the  massive,  opaque,  or  coarsely  crystalline 
mineral  of  the  older  rocks  is  called  eUeohte.  Phonolite,  nephelinite, 
nepheliDe  basalt,  and  elteoUte  syenite  are  among  the  important  rocks 
in  which  nephelite  is  an  essential  species.  Its  presence  indicates  an 
excess  of  soda  in  a  magma  over  the  amount  required  to  form  feld- 
spars, and  it  is  one  of  the  latest  minerals  to  be  deposited.*  In  a 
nepheline  syenite  from  an  island  off  the  coast  of  Guinea,  A.  Lacroix ' 
found  crystals  of  sodium  fluoride,  NaF.  This  new  mineral  species 
he  named  viUiaimiite. 

Nephelite  and  elsBolite  are  pecuharly  subject  to  alteration.'  Ns- 
trolite,  analcite,  hydronephehte,  thomsonite,  sodalite,  muscovite,  and 
kaolin  are  among  the  products  thus  formed.  Elucryptite  also  alters 
into  muscovite.'  This  indicates  that  the  simplest  empirical  for- 
mulffi  of  the  nephehte  minerals  should  be  tripled,  for  the  formula  of 
muscorite  is  Al,(Si04),KH,. 

THE  CANCKDOTE-SODAUTB  GHOUP. 

Oa/nerirnte. — Hexagonal.  Composition  uncertain,  but  probably 
best  represented  by  the  formula  Al,Na^HCSi,Ou.  Corresponding 
molecular  weight,  511.5.  Specific  gravity,  2.4.  Molecular  volume, 
213.  Color  coQunonly  yellow,  but  also  white,  gray,  greenish,  bluish, 
or  reddish.    Hardness,  5  to  6. 

SodaMU.' — feometric.  Composition  normally  AljNa.SijOuCl,  but 
variable.  Molecular  weight,  486.  Specific  gravity,  2.2.  Molecular 
volume,  221.  Color,  white,  gray,  greenish,  yellowish,  reddish,  very 
often  bright  blue.    Hardness,  5.5  to  6. 

Bailynite.—Iaometiic.  Composition,  AI,Na,CaSSijO,^  but  vary- 
ing in  the  rdative  proportions  of  Na  and  Ca.    Molecular  weight, 

1  Lleblg^  Annsloi,  toL  1H,  ISTS,  p.  S. 

•  Amula  fMin  phys.,  Stbiier.,  roL  10, 18ST.  p.  145. 

•  Ber.  DeatBch.  chem.  Oesell.,  vol  14,  ISSl,  p.  Ml. 

•  NcpbeUle  b  npirUd  by  Uu  BauerfNcues  Jabib.,  18H,  Bind  1,  p.  85;  18»7,  Band  1,  p.  258)  In  csrtaln 
er;BtaIUiii»chIsls,  lud  Bbo  >raoc[ated  irltb  cUarlte  [njadelte. 

•  SMBiean)cnnuDtsolI.Uaroi««lci,lllii.pel.UItt.,voLlS,18M,i)p.l,lDI.  CampantboI.Lmiv^ 
CaibalbL  lUn.,  0«oL  a.  P>1. 1«U,  pp.  TW,  T13. 

•Compt.  Said.,  ToL  146,  IMS,  p.  213. 

•  8w  W.  C.  Brtffcc,  Zdlaolir.  Krytt.  Ufn. ,  Tol.  M,  1880,  pp.  313  et  seq. 

■  Bm  O.  J.  Bnnh  and  E.  8.  Dana,  Am.  Jour.  Scl. ,  Sd  set.,  vdL  20,  IfX),  p.  3K. 

>  A  varktr  d  BodsUta  ccotalnlng  lome  aulphur  tua  been  namea  backmannlta  bj  L.  H.  Btw^ZOm, 
ZattKhr.  ICrfit  Uln.,  toL  ST,  UOt,  p.  381.  A  todallta  tcon  Umta  Somnu  fontalnlni  molybtUnom  b 
dinlbtd  br  r.  ZamMntn^  IQii«Bla(ik  VMirrltos,  p.  lU,  ondar  ttas  nam*  moljrbdoaoiUlite. 
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563.6.    Specific  gravity,  2.4  to  2.6.    Molecular  volume,  230.     Color, 
blue,  green,  red,  or  yellow.    Hardness,  5.5  to  6. 

Noselite  or  noaean. — Isometric.    Composition  like  haftynite,  but 
without  calcium,  Al^atSSi,0,a.    Molecular  wei^t,  569.5.    Specific  ■ 
gravity,  2.25  to  2.4.    Molecular  volume,  242.    Color,  gray,  bluish,  or 
brownish.    Hardness,  5.5. 

Chemically,  these  four  minerals,  together  with  lapis  lazuli  and  the 
rarer  microsommite,  axe  to  be  classed  as  derivatives  of  nephelite 
with  which  they  are  commonly  associated.  Their  exact  composition 
is  still  somewhat  uncertain.  The  formula  assigned  to  cancrinite  is 
that  developed  by  F.  W.  Clarke;  *  the  three  isometric  species  are 
written  as  interpreted  by  W.  C.  Brd^;^  and  H.  Bftc^trOm,'  who 
have  shown  their  relationship  to  the  gamet  group.  Under  sodalite, 
however,  more  than  one  compound  may  be  included,  as  the  experi- 
ments of  J.  Lemberg  *  and  S.  J.  Thugutt  *  seem  to  indicate.  The  two 
last-named  authorities  regard  these  minerals  aa  double  molecular 
compounds  of  a  silicate  like  nepheUte  with  sodium  carbonate,  chlo- 
ride, sulphate,  etc.  In  support  of  this  view  Tliugutt  prepared  a  lai^ 
number  of  artificial  compounds  in  which  the  sodium  chloride  of  soda- 
lite  was  replaced  by  other  salts;  but  the  new  substances  differed  from 
iba  natural  minerals  in  containing  water  of  crystallization.*  A  dis- 
cussion of  these  salts,  however,  would  lead  us  too  far  afield. 

An  artificial  cancrinite  was  obtained  by  Lemberg  *  when  alumina, 
sodium  silicate,  and  sodium  carbonate  solution  were  heated  together 
under  pressure;  and  also  by  the  action  of  sodium  carbonate,  fused  in 
its  water  of  crystallization,  upon  eleeohte.'  Labradorite,  heated  to 
215°  with  sodium  carbonate  solution,  also  gave  him  cancrinite.*  C. 
and  G.  Friedel  •  prepared  a  hydrous  cancrinite  by  heating  muscovite 
to  500°  in  a  solution  of  sodium  carbonate  and  caustic  soda.  With 
sodium  sulphate  in  place  of  the  carbonate,  a  hydrous  noselite  was 
formed.'"  The  same  authors  obtained  sodalite  by  treating  muscovite 
at  600°  with  sodium  chloride  and  caustic  soda."  Lembei^  "  produced 
sodalite  by  fusing  nephehte  with  common  salt;  and  the  fusion  of 
eleeolite  or  sodaUte  with  sodium  sulphate  gave  noseUte.'*    In  short, 

1  Bun.  V.  8.  OcoL  Sanej  No.  S88, 1914,  p.  37. 
I  ZtSUda.  Eryst.  ilia.,  voL  IS,  ISRl,  p.  208. 

•  Zettschr.  Deutsch.  geol.  Oasell.,  voL  3T,  ISSS,  p.  MS. 

•  UiDOBldismlKhe  Stiidlai,  Dorpat,  IBBt. 

>  A ''chnimate  iod*llte,'' nnlalninE  NaiCiOt.  hu  lately  b«ii  dascrlbcd  br  Z.  Werberi,  CeatnlbL  Un. 
awL  u.  PbI.,  19IM,  p.  TZ7.    It  dlflera  from  tha  tiydnted  compound  prepared  b;  TbugutL 

•Zdttdii.  DwtaetL  gaol.  OcmIL,  vol.  35, 1883,  p.  SOS. 

ttdtm,  vol.  37, 1887,  p.  9S3. 

■  Id«n, vol. SB,  1887, p. US.  ?orBraD«itdbOusilanQtthsooDttltUtIonotcuictliiIMw«Tluit>itt,Naa(i 
lahrb.,  Ifill,  Band  1,  p.  13. 

•  Bull.  Soo.  tnin.,  rol.  14,  im,  p.  Ti. 
M  Idem,  ToL  13,  ISW,  p.  US. 
"Coinpt.  Bend.,  vol.  110, 1890,  p.  IITO. 

n  ZsltKbr.  Deutsch.  seal.  GntU.,  ml.  28, 18Tn,  p.  tCO. 
•>  Idem,  vol.  K,  1S88,  p.  WO. 
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tlie  experiments  of  Lemberg,  which  were  very  nnmerous,  proved  that 
compoonds  of  this  class  could  be  derived,  by  simple  reactions,  from 
nephelito,  and  that  they  are  matually  convertible,  one  into  another. 
Furthermore,  S.  J.  Thugutt  *  prepared  sodalite  by  heating  natrolite 
with  Boda  B<Jution  aod  aluminum  chloride  to  165°  under  pre^ure; 
and  also  from  similar  txeatment  of  kaolin  with  conunon  salt  and  caus- 
tic soda  at  about  212°.'  Sodalite,  then,  has  been  derived  by  artificial 
means  from  elteolite,  muscovite,  and  kaolin.  It  was  also  obtained  by 
Z.  Weybei^  *  when  a  mixture  of  silica,  alumina,  and  soda  was  fused 
wit^  a  large  excess  of  commoD  salt. 

In  his  work  upon  artificial  magmas,  J.  Morozewicz  *  prepared 
noselite,  haftynite,  and  sodalite  by  purely  pyrochemical  methods, 
equivalent  to  those  which  produce  these  minerals  in  volcanic  rocks. 
The  fusions  were  effected  at  temperatures  not  exceeding  600°  to  700°, 
for  compounds  of  this  class  are  decomposed  by  an  excessive  heat. 
From  a  mixture  of  kaolin,  sodium  carbonate,  and  sodium  sulphate, 
noselite  crystals  were  formed.  From  a  more  complex  mixture, 
containing  also  calcium  silicate,  potassium  silicate,  iron  siUcate, 
calcium  carbonate,  and  calcium  sulphate,  haQynite  was  produced. 
Kaolin  fused  with  sodium  carbonate  and  sodium  chloride  gave  a  com- 
pound having  the  formula  already  assigned  to  sodalite;  eUeohte, 
similarly  treated,  yielded  a  substance  richer  in  chlorine.  Moro- 
sewicz  concludes  that  two  kinds  of  sodahte  exist;  to  one  he  gives 
the  formula  2(Na,A1^0J+NaCl,  while  Uie  other  agrees  with 
3(Na,Al^i,0^  +2NaCl. 

Cancrinite  occurs  only  in  eheohte  syenite  and  aUied  rocks,  closely 
associated  with  nephehte  and  sodalite.  W.  Ramsay  and  E.  T. 
Nyholm'  have  described  a  cancrinite  syenite  in  which  cancrinite  is 
an  important  primary  mineral.  Cancrinite  alters  into  a  zeohtic  sub- 
stanco,  "spreustein,"  in  which  natroUte  is  the  predominating  mineral.* 
Crystalhzed  sodalite  is  also  found  in  trachyte  and  phonohtes,  in 
which  it  separates  after  augite.^  Sodalite  alters  into  hydronephelite 
and  nati^te.  Hatiynite  and  noseUte  fonn  in  various  leucitic  and 
nephilinic  rocks  among  the  yotmger  eruptivea.  In  order  of  deposition 
they  are  the  oldest  of  the  f  eldspathoids. 

iStam  Iibrb.,  Bed.  Bud  9, 18H-W,  p.  171. 

■HbKiilcluiiilBchcStndlcii.p.  IS. 

'CtDtnlbL  HIa.,  OmI.  □.  Pal.,  IMS,  p.  HT. 

<  ICIn.  ptL  Kitt.,  TO).  18, 1««,  pp.  US-ltT. 
'      •BnlLCanun.iecd.Finlaail.nil.J.lSBS.No.l.   SnilBaI.a.BaadcIl,kIam,lff)6,7Ta.ie. 

•  Sm  W.  C.  BrOggar,  ZaiOch/.  Er7>t.  Hln.,  tdL  M,  ISOO.p.  W;  also  L.  BMmann  and  r.  Plaiil,  Anmls 
(falm.  ptij).,SdMr.,vol.  07, 18B9,p.  S&l. 

)  OnaodUKe  ayanlM  from  Bqaan  BatM,  Uaattait,  na  W.  UnAgna,  Am.  Joni.  BcL,  Sd  Mr.,  ToL  It,  13(0, 
P.29B.  AiodaitMtneti7t*ftamT«Mdfl*hubMod<iallMdbTH. Fiilnr«k,Caiti«lU.lIliL,0«(d.ii. 
PiL,  19M,  p.  Nt. 
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THE  PTBOXENEa. 

EmtaHte. — Orthorhombio.  Composition,  MgSiO,,  but  generally 
with  admixtures  of  FeSiO,.  When  10  to  12  per  cent  of  the  latter  salt 
is  present  the  mineral  is  known  as  bronzite.  Minimum  molecular 
weight,  100.8.  Specific  gravity,  3.1.  Molecular  volume,  32.5. 
Color  ranging  from  white  to  olive  green  and  brown.     Hardness,  5.5. 

Bypersthene. — Orthorbombic.  Composition  like  enstatite,  but 
with  FeSiO,  predominating.  The  molecular  weight  of  the  latter 
compound  ia  132.3.  Color,  greenish  and  brownish  to  black.  Specific 
gravity,  3.4  to  3.5.    Hardness,  5  to  6. 

Enstatite  and  hypersthenc,  the  orthorbombic  members  of  the 
pyroxene  group,  are  to  be  r^arded  as  mixtures  of  the  twc  isomor- 
phous  salts  MgSiOj  and  FeSiO,.  Hypersthene  is  also  modified  in 
many  cases  by  the  presence  of  a  third  salt,  CaSiO,,  but  in  very  subor- 
dinate quantities.  The  enstatite  of  the  Bishopville  meteorite  consists 
of  the  magnesian  silicate  very  nearly  pure.  The  formulae  given  above 
are  minima,  the  actual  formulee  being  multiples  of  them,  at  least 
double,  possibly  more. 

The  first  synthesis  of  supposed  enstatite  was  made  by  J.  J.  Ebel- 
men,*  who  fused  silica,  magnesia,  and  boric  oxide  together.  A. 
Daubr^e*  obtained  it  repeatedly  in  his  attempts  to  reproduce  the 
characteristics  of  meteorites,  when  meteoric  stones  and  magnesiao 
eruptive  rocks  were  fused.  "Enstatite"  recrystallized  on  cooling  tJie 
melts.  He  also  prepared  the  same  substance  by  fusing  olivine  with 
sihca,  and  he  found  that  when  serpentine  was  melted  it  broke  down 
into  a  mixture  of  enstatite  and  oUvine.  The  latter  reaction  has 
been  verified  quantitatively  in  the  laboratory  of  the  United  States 
Geological  Survey.  P.  Hautefeuille  *  produced  a  silicate  which  he 
identified  with  enstatite,  by  dissolving  amorphous  silica  in  molten 
magoe^um  chloride,  and  S.  Meunier  *  effected  its  synthesis  by  acting 
on  metallic  magnesium  with  silicon  chloride  and  water  vapor. 

Later  investigations,  however,  by  F.  FouquS  and  A,  Michel  L6vy,' 
and  also  by  J.  H.  L.  Vogt,'  have  shown  that  the  foregoing  syntheses 
were  misinterpreted.  The  product  obtained  was  in  most  cases,  if 
not  in  all,  a  monoclinic  magnesium  metasiUcate,  instead  of  the 
orthorhombic  enstatite.  The  latter  form  was  obtained  by  Fouqui 
and  Livy'  by  simply  fusing  silica,  magnesia,  and  ferric  oxide  together, 
but  it  was  more  or  less  mixed  with  the  monoclinic  variety. 

lADuleB  cbtm.  pbn..  3d  so-.,  vol.  S3, 1S51,  p.  sa 
■Compt.  Bend.,  vol.  S2, 186S,  pp.  300, 3W,  S60. 
•Annain  cblm.  ph^„  41b  so.,  vol.  t,  IMS,  p.  ITi. 

•  Compt.  Rend.,  vol.  CO,  IS80,  p.  3*9;  voL  63,  ISSl,  p.  7ST. 
■  SyntbteBdM  miDfrsux  at  cUa  rochu,  1883. 

•  UlaenlbUdUDC  in  SolimalaiUMeii,  1883,  p.  71. 
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In  the  elaborate  reeearch  by  E.  T.  AUen,  F.  E.  Wright,  and  J.  K. 
Clement,'  it  has  been  found  that  magnesium  metasilicate  exists  in 
four  modifications,  two  being  pyroxenes  and  two  amphiboles.  The 
monoclinic  pyroxene  is  formed  whenever  a  melt  having  its  composi- 
tion ia  allowed  to  crystallize  at  temperatures  a  little  below  1,521°. 
It  can  be  crystallized  at  lower  temi>eratures  from  solution  in  molten 
calcium  vanadate,  magnesium  vanadate,  or  magnesium  tellurite. 
The  other  three  modifications  of  the  silicate  pass  inte  this  variety 
when  heated  to  about  1,000°  in  molten  magnesium  chloride  trav- 
Qised  by  a  stream  of  dry  hydrochloric  acid  gas.  The  monoclinic 
pyroxene,  then,  is  the  most  stable  form  of  magnesium  metasilicate. 
According  to  N.  L.  Bowen  and  O.  Andersen,'  it  has  no  true  melting 
point  but  breaks  down  at  1,557°  into  forsterite  and  silica. 

When  a  glass  having  the  composition  of  enstatite  is  devitrified  by 
heatii^  to  a  temperature  above  1,000°  and  below  1,100°,  best  at 
about  1,075°,  tJie  ortiiorhombic  enstatite  is  formed.  In  this  way 
good  crystals  were  produced.  At  alighdy  higher  temperatures  the 
monoclinic  pyroxene  begins  to  appear.  The  presence  of  enatetite 
in  an  igneous  rock  is  evidence  that  the  final  crystallization  took  place 
at  the  relatively  lower  temperatures,  for  above  them  it  can  not  exist. 
What  the  effect  of  iron  may  be  in  modifying  the  properties  of  these 
silicates  is  as  yet  undetermined. 

Enatetite  and  hypersthene  are  common  pyn^enic  minerals,  and 
occur  in  many  eruptive  rocks.  Enstatite  and  bronzite  are  often  con- 
stituents of  meteorites.  According  to  J.  Morozewicz '  the  ortho- 
ihombic  pyroxenes  separate  from  metasilicate  magmas  when  the 
ratio  Mg  +  Fe:Cais  3:1  or  greater.  Both  species  undergo  altera- 
tion, through  hydration,  into  talc*  and  serpentine.  Bastite  is  an 
alteration  product  of  this  kind,  having  the  composition  of  serpentine. 

WoBattoniU. — Monoclinic.  Composition,  CaSiO,.  Ttfinimiirr>  mo- 
lecular weight,  116.6.  Specific  gravity,  2.85.  Molecular  volimie, 
40.6.     Color,  white,  often  tinted  by  impurity.     Hardness,  4.5  to  5. 

Calcium  metasilicate  is  known  in  two  modifications — the  natural 
woUastonite  and  an  artificial  pseudohexagonal  form.  The  latter  is 
easily  produced  by  fusing  lime  and  silica  together*  and  has  been 
repeatedly  observed  in  slags."  Wollastonite  has  also  been  found  in 
slags,  but  rarely.^  E.  Hussak,*  however,  by  fusing  and  slowly  cool- 
ing a  glass  containing  silica,  soda,  time,  and  boric  acid,  obtained 


Am.  Jour.  acL,Uhui.,ToL2a,190e,  P.3S5. 
Idsm,  tqL  37,  ISIl,  p.  487. 
Uln.  p«t.  Ultt.,  vol.  IS,  IStn,  p.  110. 

Sn  C.  H.  Smjrtri,  Scboalol  Ulna  Quut.,  voL  IT,  laSfl.p.  333. 

8m  L.  BonrEoals,  DqII.  Soc.  min.,Tol.  S,  1BS2,  p.  13;  A.  Oorstn,  td>m,  voL  10,  ISST,  p.  an;  uidC.  Do*|. 
',  Nmtt  Jabrb.,  ISM,  Bind  1,  p.  119. 

8m  ].  B.  L.  Vogt,  lllneraniilduiw  la  actamelunassan,  IBBI,  pp.  3t-S0L 
Bm  Vast,  Igc  clt.,  ud  P.  UBberder,  ZaUxbt.  Eryat.  Hln.,  vol. »,  1890,  p.  SS. 

Ztttwlit.  Erjtt.  lUn.,  ToL  IT,  isn^  p.  no. 
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crystals  of  wollastomte.  C.  Doelter  ^  also  effected  the  Bjnthesis  of 
wollastonite  by  fusing  calcium  metosilicate  with  sodium  fluoride. 

According  to  E,  T,  Allen  and  W.  P.  White,*  wollastonite  is  stable 
only  below  1,190°,  and  above  that  temperature  it  passes  into  the 
pseudobexagonal  modiflcation.  By  heating  a  glass  of  the  composi- 
tion Ca^O,  to  between  800°  and  1,000°,  pure  wollastonite  was 
obtained.  The  reverse  change,  from  the  pseudo  variety  to  tike 
normal,  was  brought  about  by  dissolving  the  former  in  molten  cal- 
cium vanadate  and  crystallizing  at  a  temperature  between  800°  and 
900°.    The  melting  point  of  the  silicate  is  1,540°. 

The  pseudowoUastonite  has  not  yet  been  observed  as  a  natural 
min^al,  but  wollastonite  is  common.  The  inference  from  this  fact, 
as  drawn  by  G.  F.  Becker,'  is  that  the  rocks  containing  free  calcium 
metasilicate  must  have  crystallized  at  temperatures  below  the  invei^ 
sion  point  of  wollastonite,  for  otherwise  its  isomer  would  have 
appeared. 

Althou^  wollastonite  is  usually  classed  with  the  pyroxenes,  its 
place  amoi^  them  is  doubtful.  It  differs  from  them  in  being  easily 
decomposed  by  adds,  and  its  occurrences  in  nature  aire  not  the  same. 
It  is  very  rare  in  eruptive  rocks,  and  is  commonly  found  as  a  product 
of  contact  metamorphism,  especially  in  limestones.  It  occurs  also  in 
feldspathic  schists.  H.  Wulf  *  has  described  a  rock  from  Hereroland, 
Africa,  which  consisted  of  wollastomte  and  diopside  in  nearly  equal 
proportions.  An  occurrence  of  wollastonite  in  aplite  Js  recouped 
by  A.  Lacroix.'  The  alteration  of  wollastonite  to  ordinary  pyroxene 
is  reported  by  C.  H.  Smyth,*  and  an  alteration  to  apophyllite  by 
S.  J.  Thugutt.^  The  secondary  mineral  pectolite,  HNaCa,Si,0„  is 
regarded  as  a  derivative  of  wollastonite. 

Diopside. — ^Monoclinic.  Composition,  Cal%Si,0,.  Molecular  wei^t, 
217.3.  Specific  gravity,  3.2.  Molecular  volume,  68.  Color,  white, 
yellowish,  green,  and  nearly  black.  Hardness,  5  to  6.  Chrome  diopside 
is  a  variety  containing  small  amounts  of  chromium. 

HedenbergiU. — ^Monoclinic.  Composition,  CaFeSi,0,.  Molecular 
weight,  248.8.  Specific  gravity,  3.5  to  3.6.  Molecular  volmne,  70. 
Color,  grayish  green  to  black.    Hardness,  5  to  6. 

Between  diopside  and  hedenbergite  there  are  various  intermediate 
mixtures.    Schefferite  is  another  monoclinic  pyroxene  containing 

1  Ulu.  pet.  Utt.,  tdL  10, 1S89,  p.  83.  Fortobirwarkby  DoelMi,  Me  BlUunfsb.  E.  Atod.  Wtai.  Win, 
tdL130,  Abth.  1,  p.  338,  Iflll. 

'Ani.Jour.BoL,«hjei.,ToL21,l«oe,p.  ».  BwaJso  A.I,.  Dny,  E.  B.  flhsphord,  uid  f.  E.  Wrifbt, 
Idem,  vol.  21,  p.  365.  The  ijnthetki  waUBitonitanparM  br  L.  T.  SuUunirr  (FOUt-  KM.,  roL  tt,  ilM, 
p.  SU)  was  the  puadominenL   See  B.  llaurltt,  Idem,  p.  IKK- 

■  Fiebtor;  nata  to  the  memoli  by  Alton  and  Whit*. 

<  HiD.  pet.  Ultt,  ToL  S,  1887,  p.  230. 

•  Bull.  Soo.  mtn.,  TOL  Si,  p.  m,  18B8. 

'Am.  Jour.  S(!L,4th  tu.,  toL  4, 1807,  p.  US. 

T  OntrtlbL  Mta,  QmL  u.  P*L,  ISU,  p.  TM. 


^d  by  Google 


BOOK-TOBMIETO  MIITEBALS.  879 

manganese,  np  to  over  8  per  cent  of  ISnO.  Jeffersonite  is  another 
member  of  this  group  containing  zinc.  These  variations  may  repre- 
sent mixtures  of  the  simple  ealte  MnSiO,  and  ZoSiO,  with  the  lime, 
magoesia,  and  iron  silicatee;  but  tbe  commingled  salts  are  probably 
more  complex.  Rhodonite,  IbiSiO,,  is  classed  also  as  a  pyroxene, 
but  is  tridinic.  It  can  hardly  be  considered  as  a  rock-forming  min- 
eral, at  least  not  in  the  usual  acceptance  of  the  term. 

Monodinic  pyroxenes  of  the  diopside-hedenbergite  type  have  been 
repeatedly  observed  in  slags.^  A.  Daubrfie,'  on  heating  water  to 
incipient  redness  in  a  glass  tube,  obtained  crystals  of  diopside.  O. 
Lechartier '  effected  the  synthesis  of  these  pyroxenes  by  fusing  silica, 
lime,  and  magnesia  with  an  excess  of  calcium  chloride.  When  ferric 
oxide  was  added  to  the  mixture,  iron  pyroxenes  were  formed.  In 
the  experiments  of  J.  Morozewicz  *  with  artificial  magmas  these  min- 
erals were  deposited  when  the  ratio  Mg+Fe:Ca  was  less  than  3:1. 
dear  and  perfect  ciystals  of  diopside  have  been  prepared  by  E.  T. 
Allen  and  W.  P.  White,*  who  heated  glass  of  the  theoretical  composi- 
tion in  a  flux  of  calcium  chloride  and  an  atmosphere  of  hydrochloric 
acid  to  1,000°  for  several  weeks.  The  specific  gravity  of  the  artificial 
mineral  was  3.275  and  the  meltdi^  point  1,380".  They  found  that 
diopside  is  the  only  stable  compound  between  its  componeutsificates,' 
although  two  eutectics  were  observed. 

The  monoclinic  pyroxenes  are  conunon  in  eruptive  rocks  and  the 
crystalline  schists.  The  variety  known  as  diallage  is  especially 
characteristic  of  gabbro.  They  also  occur  as  secondary  minerals. 
K.  Brauns '  has  obs^-ved  the  variety  aafite,  as  formed  in  a  picrite  by 
the  action  of  aqueous  solutions  upon  ofivine  and  plagioclase. 

Acmile  or  segvriU. — ^Monoclinic.  Normally  NaFe'"Si,0„  but  often 
containing  ferrous  and  lime  sihcatea  in  isomorphous  admixture. 
Molecular  weight,  231,7,  Specific  gravity,  3.53.  Molecular  volume, 
65.6.    Color,  brownish,  gre^iish,  to  black.    Hardness,  6  to  6.5. 

Jadeite. — ^Monodinic  Composition,  NaAlSi,0,.  Molecular  weight, 
202.9.  Specifit  gravity,  3.34.  Molecular  volume,  60.8.  Color,  white 
and  various  shades  of  green.    Hardness,  6.5  to  7. 

Spodunune. — Monoclinic.  Composition,  LiAlSijO,.  Molecular 
weight,  186.9.  Specific  gravity,  3.17.  Molecular  volume,  58.9, 
Color,  white,  yellow,  green,  and  amethystine.  Hardness,  6.5  to  7. 
Hiddenite  is  the  emerald-green  gem  spodumene  from  North  Carolina. 
Kunzite  is  the  amethystine  gem  variety  from  California. 

1  Bn  dSailana  In  L.  Boarfcoli,  StpraiaeOaa  artUlcldle  da  mlniranz,  pp.  Ut-llOi  and  TouquA  and 
Urj,  SjnUttn  dci  iii1ii*miz  at  dcs  ndM,  pp.  VO-lta.  Abo  O.  J.  Bnuti,  Ahl  Icnr.  Sd.,  Id  Mr.,  ml. 
■a,  1g»,  p.  13^ 

>  ituda  iTiitMtliiaa  d*  gtelogla  sipdrtmentds,  pp.  IGB-ITS. 

•  Compt.  Rend.,  raL  BT,  1M8,  p.  41.    Compare  A.  Oorgen,  BuU.  Soo.  mln.,  ToL  10, 1887,  pp.  373,  ITS. 

'  Vb.  pet  lUti,  Td.  18, 1B9S,  pp.  113  et  uq.  Baa  aliD  7.  H.  L.  Vogl,  Dta  SIUlcatacluneliHIsuiiiai,  pt 
1,  IHB,  pp.  3S-ftl. 

•  Aa.  Jour.  SeL,  4th  KT.,  vol.  >7,  igw,  p.  1. 

•  H*aiiIUitb.,i8M,Baad>,p.Ta.  /^^  ,        i 
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These  alkali  pTrozenea,  as  they  are  often  called,  are  mtereeting  on 
account  of  their  constitutional  similarity.  Acmite,  however,  is  the 
most  important  as  a  rock-forming  mineral,  although  in  the  inter- 
pretation of  mixed  pyroxenes  the  jadeite  molecule  must  often  he 
taken  into  account.  Spodumene  occurs  only  sporadically — usualfy, 
if  not  always,  in  pegmatite — and  is  peculiarly  noticeahle  on  account 
of  the  immense  size  which  its  crystals  may  attain.  Crystalline  faces 
of  spodumene  many  feet  in  length  have  heen  ohserred  in  the  Black 
Hills  of  South  Dakota.  The  alteration  of  spodumene,  as  studied  by 
A.  A.  Juhen,*  and  more  exhaustively  by  G.  J.  Brush  and  E.  S.  Dana,* 
is  very  instructive.  First,  by  the  action  of  percolating  solutions  con- 
taining soda,  it  is  transformed  into  a  mixture  of  eucryptite,  liAlSiOtj 
and  albite,  NaAlSi,0,.  Then,  by  the  furtlier  action  of  potassium 
salts,  the  eucryptite  is  altered  into  muscovite,  KH^^i,0,,.  Albite 
and  muscovite  are  the  final  products  of  these  metamorphoses.  The 
intimate  mixture  of  these  two  compounds  was  long  thought  to  be  a 
distinct  mineral,  cymatoUto. 

Acmite  can  he  produced  synthetically,  but  its  constituent  oxides, 
when  fused  tegother,  commonly  yield  only  a  glass  contuning  crystals 
of  m^netite.  Acmite,  when  fused,  resolidifies  as  a  mixture  of  mag- 
netite and  glass,*  C.  Doeiter,*  however,  from  the  fusion  of  an  arti- 
ficial mixture  of  the  oxides,  obtained  some  acmite.  H.  B&ckstrOm  * 
fused  sihca,  ferric  oxide,  and  sodium  carbonate,  mingled  in  the 
proper  proportions,  together  and  held  the  solidified  mixture  at  a  dull 
red  heat  for  three  days.  Under  those  conditions  acmite  was  formed. 
He  also  obtained  it  by  fusing  a  leucite  phonolite  and  subjecting  the 
glass  to  a  sumlar,  very  slow  devitrification.  Z.  Weyberg  *  also  ob- 
tained acmite  by  fusing  a  mixture  of  the  composition  2SiO,+Fo,0,+ 
NajO  witkh  a  lai^  excess  of  sodium  chloride.  According  to  J.  Moro- 
zewicz,'  the  acmite-jadeite  compounds  form  in  metasilicate  magmas 
when  the  sihca  amounts  to  less  than  50  per  cent.  The  exact  condi- 
tions of  their  generation,  however,  with  respect  to  temperature  and 
rate  of  cooling,  are  yet  to  be  determined. 

Several  attempts  have  been  made  toward  the  synthesis  of  spodu- 
mene. By  fusing  together  lithium  carbonate,  alumina  and  siluja  B. 
BaU6  and  E.  Dittler  '  obtained  several  sihcates,  one  having  the  com- 
position of  spodumene,  and  another  that  of  eucryptite.  The  artificial 
spodumene,  however,  differs  from  the  natural  mineral  in  its  optical 
prop^iiies,  and  is  designated  ^  spodumene.     The  natural,  a  mineral 

I  Amub  New  Yotk  Acad.  Sd.,  vol.  1,  ISTt,  p.  31B. 

•  Am.  Jonr.  3d.,  3d  nt.,  vol.  30, 18B0,  p.  I5T. 

•  U.  VuftnJk,  Centralbl.  lOn.,  0«L  n.  P«L,  1104,  p.  S8». 

•  Heats  Jalirb.,  19RT,  Band  1,  p.  Id. 

•  Bull.  Boc  mln.,  vol.  IS,  1SS3,  p.  UO. 

•  CentaHibl.  MIo.,  Oeol.  n.  P»l.,  IBOS,  p.  717. 
'  Un.  pet.  HItt.,  vol.  18,  UBS,  p.  123. 

•  ZaltKhr.  tnott.  CbamiB,  toL  Tt,  IBll,  p.  N. 
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is  tnmsformed  at  about  1,000°  into  the  other,  which  melts  at  liSSO". 
^milar  results  hare  since  been  obtained  hj  F.  M.  Jaeger  and  A.  Simek,* 
vho  found  ibB  tran^tion  temperature  from  a  to  ^  spodumene  to  be 
996°,  and  the  melting  point  1,417°.  Natural  kmizite  fused  at  1 ,428°, 
and  the  artificiid  orthosilicate,  "pseudoeucryptite"  at  1,3SS°. 

Acmite  is  a  mineral  of  eruptdve  rocks,  generally  of  those  which 
ooutfdn  leucite  or  nephelite.  It  is  especially  common  in  elteolite 
^yeuite.  Concerning  the  petrologic  relations  of  jadeite  less  is  known; 
but  S.  Franchi  *  has  identified  the  mineral  as  an  essential  constitneiit 
of  certain  eruptiTe  rocks  in  Piedmont.  Acmite  or  a^irite,  according 
to  W.  C.  Brogger,*  alters  into  analcite.  J.  Lembei^,*  hy  heating 
spodumene  or  jadeite  with  alkaline  solutions  under  pressure,  also 
obtained  analcite.  Jadeite  alone  is  slowly  attacked,  but  the  glass 
resulting  from  ita  fusion  is  altered  readily.  It  is  noticeable  that 
jadeite  and  dehydrated  analcite  bave  the  same  empirical  composition; 
but  the  denser  jadeite  molecule  is  doubtless  the  more  complex. 
Ilie  one  is  a  polymer  of  the  other.  These  alterations,  natural  or 
artificial,  emphasize  Ibe  constitutional  similarity  of  the  three  alkali 
pyroxenes. 

Augite. — ^Monodinic.  Composition  rery  variable,  for  augite  is  an 
isomorphous  mixture  of  several  different  silicates.  Specific  gravity, 
2.93  to  3.49.  Color,  white,  green,  brown,  and  black.  Hardness,  6 
to  6. 

Augite  is  essentially  a  metasilicate  of  lime,  magnesia,  and  ferrous 
iron,  plus  silicates  of  ferric  iron  and  alumina.  Manganese  and 
alkalies  are  often  present,  and  some  varieties  contain  tdtanio  oxide 
up  to  4.S  per  cent.  In  addition  to  silicate  molecules  analogous  to 
those  of  the  pyroxenes  already  described,  ai^te  is  supposed  to  con- 
ttdn  a  compound  of  the  form  K"AljSiOe,  which,  however,  is  hypo- 
thetieal.  The  rare  mineral  komerupine  or  prismatine,  however,  has 
the  formula  MgAl,SiO„  uid  may  represent  the  aluminous  con- 
stituent of  the  nonalkaline  augites.'  When  alkalies  are  present  they 
probably  represent  molecules  analogous  to  or  identical  with  acmite 
and  jadeite. 

■  Abst.lnCbem.  ZenCnabL.IBll,  ll.pp.  lOZS,  1027.  Bm  also  K.  Eodell  and  R.  Slake,  Zeltachr.  anoTt. 
Chamto,  voL  71,  1912,  p.  33;  who  glva  990'  as  the  melting  point  of  natural  apodumene.  for  an  aaiUat 
moKtb  on  the  UUibini-almnlniim  silicates sae  P.  HaatsfBilUe,  Compt.  Rend.,  ToL  SO,  1880,  p.  Ml. 

■BmdIooDtlR.soatuLLbaelgToLVjpt.  1,1900,  p.  34R.  Od  the  Jadeite  ol  Upper  Burma,  sea  A.  W.  O. 
Bleeck,  Zeltschr.  prakt.  Oeologle,  1907,  p.  Ml. 

•ZaltKhr,  Kiyst.  Uin.,tal.IS,  I8G0,p.  3SS.    BiOgserolteimany  refemtoeetotluillterBtaraaFaomlte. 

<Zalt>chr.  Beutaeh.  emI.  OeedL.ToL  ro,  ISST,  p.  ES4. 

•  i,  more  camplei  fonnaU,  Nn^HSaAlaBttOm,  bat  been  Milgned  (o  komerapina  by  J.  DUIt,  Zattacbi. 
S^Tit.  lUn.,  voL  47,  lB10,p.2U. 
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The  following  analyses  of  rock-fonmng  atigite  ^  were  all  nude  in 
the  laboratory  of  the  United  States  Geological  Sorvey: 


A.  rRHlliiaph»lll>«ba«alt,BlBCkIIoimtafti,[TTa]deqn(idniiglc,Teiu.   1 

B.  From  dolerlU,  BUT  VaJmoot,  Colondo.    Aaalrudlij  L.  O.  Etkbu. 
C  Framtlii(mite,TwaBattii,Colondo.    Anat^ed by HQlslicuid. 

D.  Fnimg[aiUM,BllTerC]UI,Cal«ado.    £akliu,uialyit. 

E.  Ftohi  a  dyke,  BflvBT  Cliff.    Eaktns,  uialjst. 

F.  From  buattillDont  Taylor  r^lciii.Niiir  If ulw.   Analyml  by  T.  U.  Caiatard. 
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Aii^te  is  a  conunon  mineral  in  slags,'  and  ia  easily  produced  from 
ite  constitnente  by  simple  fusion.*  It  was  repeatedly  obtained  by 
Fouqufi  and  Lfevy,*  boUi  by  itself  and  in  association  with  other  minei^ 
als,  in  their  dasaic  exporiments  upon  the  synthe^  of  rocks.  J. 
Morozewicz'  also  has  found  both  ordinary  augite  and  the  alkaline 
varieties  in  the  products  yielded  by  his  artificial  magmas.  The  mole- 
cule RAljSiO,  is  generally  formed  from  magmas  containing  over  60 
'  per  cent  of  sihca;  and  ita  alumina  appears  to  be  the  residue  left  over 
after  the  feldspars,  feldspathoids,  and  micas  have  boen  satisfied. 

When  garnet,  vesuvianite,  or  epidote  is  fused  augitic  minerals 
appear  among  the  compounds  produced.*  Biotite  and  clinochlore 
also  yield  it  among  the  products  of  their  thermal  decomposition.' 
C.  Doeltor  '  f oiind  that  augite  was  formed  when  diopside  was  fused 
with  alumina  or  ferric  oxide;  and  from  mixtures  of  silica  with  the 
proper  bases  he  obtained  crystals  rich  in  RAljSiO,.  According  to 
J.  LenarfiiC,*  magnetite  and  labradorite,  fused  together,  yield  augite. 

1  Prom  BuU.  U.  fl.  Gool.  Btirrey  No.  41B,  IfllO,  pp.  282, 263. 

•Sm  J.  H.  L.  Vi^,  ICInenlblldDne  in  SctuneluDMseD,  p.  U. 

I  Tor  earl;  srnttuees,  sea  Fouqad  and  L6vj,  Byotbisa  dta  miadisiir  et  da  idcIub,  p.  102. 

<Op.(!lt.,pp.B0,B7,l«i. 

'Uln.  pat.  Mitt.,  TDl.  IS,  ISSS,  pp.  lOT,  III,  120, 133,  tU. 

'  C.  Doelter,  Allgemaina  chsmlsiiha  Ulneralogle,  pp.  182,  IS. 

■  Poelter,  Ncues  Jabib.,  1807,  Band  1,  p.  1. 

•Idem,  1BS4,  Band  3,  p.  Gl. 

CtaDtnlbl.  IUd.,  Onl.  D.  pbL,  una,  pp.  tos,  7«. 


.y  Google 


BOOK-FOBUING  HINBR&LB.  888 

So,  too,  does  hedenbergite  when  fused  with  aDorthite,  albite/  or 
oorunduin.* 

Several  other  mmerals  in  addition  to  those  already  named  are 
classed  as  pyroxenes,  but  they  are  too  rare  to  need  more  than  a  pass- 
ing mention  here.  The  so-called  zircon  pyroxenes,  rosenbuschite, 
U.yenite,  wohlerite,  and  hi5rtdahlite  are  found  in  the  ebeolite  syenites 
of  Norway.  The  trictinic  babingtonite  is  interesting,  for  it  contains, 
in  addition  to  the  molecular  types  found  in  the  other  pyroxenes,  the 
ferric  silicate  Fe,Si,0,.  It  has  been  found  not  only  as  a  natural 
mineral,  but  also  as  a  furnace  product  in  dt^.* 

Augite,  among  the  pyrogenic  minerals,  is  to  be  classed  as  one  of 
the  older  secretions.  It  is  common  in  igneous  rocks  of  nearly  all 
classes,  and  the  pyroxenes  in  general  are  the  most  important  of  the 
so-called  forromagnesian  minerals.  Some  rocks,  the  pyroxenites,  con- 
sist of  pyroxenes  almost  enturely;  websterit«,  for  instance,  is  formed 
of  bronzite  and  diopside.  The  most  striking  alteration  of  pyroxene 
is  into  hornblende,  but  it  also  alters  into  tremolite,*  chlorite,  serpen- 
tine, talc,  mica,  garnet,  epidote,  and  gLauconite.  The  pyroxenes, 
furthermore,  occur  as  important  secondary  minerals  sometimes  aa 
the  product  of  contact  metamorphism  in  limestones,  sometimes  as 
mai^inal  zones  derived  from  olivine.*  Diallage  and  bypersthene 
rocks  alter  into  unphibolites.* 

NoTs. — For  theoretical  diecuariona  upon  the  conalitutioii  of  the  pjroKenea  aee  0. 
Tachermiik,  Johxh.  E.-k.  geol.  Beichaanstalt,  vol.  21,  1871,  Min.  pet.  Uitt.,  p.  17. 
0.  Doelter,  Min.  pet.  Mitt.,  vol.  2,  1879,  p.  193.  P.  W.  Clarke,  BuU.  U.  8.  Geol. 
Survey  No.  5SS,  1914.  ].  W.  Ket«eni,  Zeilochr.  physikBl.  Chemie,  vd.  16,  1896, 
p. 614.  P.  Maun,  Neueojrahrb.,  1884,  Band  2,  p.  172.  A.  Merion,  idem,  Beil.  Bauds, 
1884,  p.  252.    The  literature  upon  this  subject  is  very  voluminous. 

THE  AMPHIBOIJ!8. 

AnihophyUih. — Orthorhombic.  Composition  like  ^istatite  or 
bronzite  ((^,Fe)  SiO^,  with  the  magnesium  silicate  predominating. 
Specific  gravity,  3  to  3.2.  Color,  gray,  brown,  green,  and  intermedi- 
ate shades.  Hardness,  5.5  to  6.  Gedrite  is  a  variety  containing  usu- 
ally more  iron  and  much  alumina.  As  an  amphibole,  anthophyllite 
corresponds  to  hypersthene  among  the  pyroxenes.' 

Tremolite. — Monodinic.      Composition,    CaMg^O„.      Molecular  - 
weight,  370.1.     Specific  gravity,  2.9  to  3.1.     Molecular  volume,  123. 
Color,  white  to  gray.     Hardness,  5  to  6. 

IH.  VnAilk,  Canbvlbl.  Hbi.,  OwL  a.  F&l.,  1904,  pp.  WO,  342. 
IB.  Vuklts.Idem,  19M,  p.  TOS. 

•  Sm  L.  Bnehrtiaktt,  ZdtatAiT.  Kryst.  Um.,  T<d.  IS,  1891 ,  p.  AM. 

<Bee  H.RIes,Ami>lsNeTYorkAc*d.Bd.,  v^g,lSW-gT, p.  134, ln»ii&oportant  memoir  dpodUm 
pjToiaiM  of  Jtvw  Yvk. 

•  See  O.  H.  'WOliuiu,  Am.  Joor.  BoL,  Id  sv.,  vtA.  31,  ISSe,  p.  35,  and  F.  D.  Adams,  Am.  Natnrallat,  toL 
19,  IMS,  p.  lOer.   WOtlutu  gtvu  a  mimbec  of  nteranon  to  BitenXiesa  ot  thla  ktad. 

'  WUUama,  Am.  Joor.  Bd.,  3d  mt.,  toI.  K,  18M,  p.  2S8. 

'  An  Iran  •othoplifUIIe,  FaSlOt,  anoclaUd  wlCb  tlia  bydfta  o[  Rookprat,  II 
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Actinclite. — ^Llke  tremolite,  but  with  iron  partly  replacing  mag- 
nesium. Specific  gravity,  3  to  3.2.  Nephrite  is  a  compact  variety  of 
actinolite.  True  asbestos  is  a  fibrous  form  of  tremolite  or  actiaolite; 
but  antbophyUite  and  crocidohte  are  abo  found  asbeotiform.  The 
Canadian  asbestos  of  commerce  is  serpentine.' 

Oummingtonite. — ^Monoclinic,  but  with  t^e  composition  of  an 
anthophyUite  containing  much  iron.  Specific  gravity,  3.1  to  3.3. 
Color,  gray  to  brown. 

The  foregoing  members  of  the  amphibole  group,  except  the  alumi^ 
nous  gedrite,  are  most  simply  interpreted,  bke  the  corresponding 
pyroxenes,  as  mixtures  of  metasilicates  of  calcium,  magnesium,  and 
iron.  Grunerite  is  the  ferrous  silicate,  FeSiO,  alone.*  Dannemorite 
is  a  similar  iron-manganese  metasilicate.  In  richtwite,  which  has  a 
similar  general  formula,  alkalies  appear,  up  to  9  per  crait  or  more. 
Many  analyses  of  these  minerals  show  the  presence  of  water  in  them, 
and  also  of  fluorine. 

AnthophyUite  and  gedrite  are  essentially  Archean  minerals,  occur- 
ring especially  in  hornblende  gneisses  and  schists.  Tremolite  ia  found 
as  an  accessory  mineral  in  metamorpbic  limestones  and  dolomites. 
ActinoUte  is  also  a  mineral  of  the  metamorpbic  rocks.  In  the 
iron  regions  near  Lake  Superior  actinolite-magnetite  schists  are 
common.* 

AnthophyUite,  tremolite,  and  actinolite  alt^  easily  into  talc,  8er> 
pontine,  and  calcite.  The  reverse  alteration,  of  talc  into  antJaophyl- 
lite,  has  been  reported  by  Gentii.*  Uralite,  which  has  ordinarily  ^e 
composition  of  actinolite,  is  an  amphibole  derived  by  alteration  from 
similarly  constituted  pyroxenes.* 

Hornblende. — Monodinic.  Composition  variable,  as  wit^  au^te, 
of  which  hornblende  is  the  equivalent  among  the  amphiboles.  Honir 
blende,  however,  contuns  a  smaller  proportion  of  lime  and  more 
magnesia  plus  iron  than  augite.  It  also  contains  aluminous  silicates. 
The  light-colored  hornblende,  with  little  iron,  is  called  edenite.  The 
darker  varieties  are  known  aa  pai^asite.  Specific  gravity,  3.0  to  3.47, 
depending  upon  the  proportion  of  iron.  Color,  white,  gray,  green, 
and  brown,  ranging  to  black.    Hardness,  5  to  6. 

The  subjoined  analyses  of  hornblende  are  given  in  the  memoir  by 
S.  L,  Penfield  and  F,  C.  Stanley.*  They  show  the  variability  in  com- 
position of  the  mineral,  and  also  the  predominance  of  magnesium  and 
iron  over  calcium,  the  reverse  condition  from  that  noted  in  augite. 

>8mO.  p.  UotOI,  Proc.  n.  S.  Nst.Uii9.,  vol.  is,  18W,p.281,  brsSoadnuiuiiaiyDtoiirknawladcBaf 

*k.  C.  Lau  and  P.  F.  Sharplaa  (Am.  lour.  Sd.,  3d  »a.,  vol.  42,  IWl,  p.  tOi)  hav*  a^iplM  tha  naina 
grUiicrlM  to  a  ItcronngiMBtan  amptaibola  Ilka  cummlDEtoniU. 

1  Sag  W.  S.  Ba^la;,  Am.  Jour.  BcL,  3d  nr..  vol.  M,  ISoa,  p.  m.  Abo  C.  R.  Van  mia,C.  E.  LaUi.aiid 
eOita,  In  Mod.  II.  8.  Osol.  Burvay,  vol.  28. 1867;  vol.  43,  U03. 

4  Proo.  Am.  PhDoa.  Soo.,  vol.  M,  1SS2,  p.  39S. 

>Od  th«theiD7  olonllUiaUon  a»  L.  Duponi  and  T.  Honmnf,  Compt.  Btod.,  vol.  US,  l(H,p.  O. 
Baaabo  Daparc,  Bull.  Soo.  mln.,  vat.31,  IMS,  p.  to. 

•  Am.  Jaor.  SaL.llli  mi..  toL  23, 1(07,  p.  21. 


KOCK-PORMING   MINBHALS. 
AtuUyKi  of  hombltnde. 


A.  From  B«ab«w,  Ontario.   Btaoicr,  Hialjit 

B.  From  EdaivUls,  N«ir  York.    Btanlt;,  analyst. 

C.  From  CocnwaO,  N«ir  York.   1.  L,  Ncboo,  analyst.    Am 
yiMrtW  datttmliwtloil  tMtA  to  Nalion'i  analyah  by  fllaalty . 

D.  FiDmUmiteBamma,  Italy.   Btanley,  analyst. 

E.  BssalUa  honiblside,  BlUn,  Bohmla.    Slanlsy,  analyst. 

F.  Ftom  OmdtSIo  TowiMh^i,  QuabM.    Btanley,  aaalyit. 
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The  synthesis  of  hornblende  was  first  effected  by  K.  Chrustschofi.' 
He  heated  a  solution  containmg  dialyzed  silica,  alumina,  and  ferric 
hydroxide,  with  some  ferrous  hydroxide,  magnesium  hydroxide,  and 
limewater,  for  three  months  to  550**  in  a  closed  digester,  and  obtained 
crystalB  of  amphibole.  C.  Doelter,'  by  using  fluxes  of  low  melting 
point,  also  succeeded  in  producing  the  mineral.  A  mixture  of  mag- 
nesia, oxide  of  iron,  alumina,  and  silica,  fused  with  boric  acid,  gave 
the  desired  result.  He  also  succeeded  in  recrystallizing  amphiboles 
from  a.  flux  of  borax,  or  from  one  of  magnesium  chloride  and  calcium 
chloride;  but  in  most  of  his  experiments  augite,  sometimes  with 
olivine,  scapolite,  magnetite,  anorthite,  or  orthoclase,  was  produced. 
E.  T.  Allen,  F.  E.  Wright,  and  J-  K.  Clement,'  in  the  research  already 
cited  under  pyroxene,  found  that  when  magnesium  metasilicate  was 
heated  considerably  above  its  melting  point  and  then  rapidly  cooled, 
the  orthorhombic  amphibole  was  formed.  With  slow  coolii^,  pyrox- 
enes are  produced.  By  heating  the  orthorhombic  amphibole  with 
water  at.  375"  to  475°,  it  was  transformed  into  the  monodinic  modi- 
fication. The  latter  was  also  obtuned  when  solutions  of  magnesium 
ammonium  diloride  or  of  magnesium  chloride  and  sodium  bicarbonate 


I  Conqrt.  Bmd.,  vol.  112,  IHW,  p.  877. 

>  N«ues  Jabrb.,  ISS7,  Band  1,  p.  1. 

>  Am.  Jour.  BcL,  4th  Mr.,  ml  22, 1906,  p.  3BS. 

-Bull.  616—16 ^25 
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were  heated  with  sodium  sihcate  or  amorphous  aihca  during  three 
to  BIZ  days  at  STS'*  to  475"  in  a  steel  homb.  SmaU  quantities  of 
quartz  and  of  f  orsterite  were  formed  at  the  same  time. 

Accordii^  to  A.  Becker,'  when  authophyllite  or  homUende  is  fused, 
a  pyroxene,  sometimes  with  oUrine,  is  formed.  According  to  A. 
Lacroix,*  alterations,  due  to  hest  alone  or  to  the  action  of  molten 
magmas,  of  hornblende  to  augite,  are  common  among  the  volcanic 
rocks  of  Auveigne.  The  amphiboles,  in  short,  are  unstable  at  high 
temperatures,  and  either  the  rapid  cooling  of  a  magma,  the  preaence 
of  water,  or  some  undetermined  influences  of  pressure,  conditions 
their  appearance  as  pyrogenic  minerals.  An  excess  of  magneaia  is 
also  favorable  to  their  development,  while  an  excess  of  lime  may 
determine  the  formation  of  pyroxene. 

Common  hornblende  is  very  widely  diffused,  as  in  granite,  ejenite, 
diorite,  diabase,  gabbro,  and  norite,  and  in  the  metamorphic  gneisses, 
hornblende  schists,  and  amphibolites.  The  crystallized  "basaltic 
hornblende"  appears  as  an  early  secretion  in  andesite,  dacite,  phono- 
lite,  basalt,  etc.  Hornblende  alters,  not  only  into  pyroxenes  as  men-  . 
tioned  above,  but  also  into  chlorite,  epidote,  biotite,  siderite,  calcite, 
and  quartz.  Pseudomorphs  of  hornblende  or  of  anthophylUte  after 
olivine  have  been  described  by  F.  Becke  •  and  B.  Kolenkc* 

Ordinarily,  the  constitution  of  the  hornblendes  is  supposed  to  be 
analogous  to  that  of  augite,  metasilicates  of  the  form  ESiO,  being 
isomorphously  conuningled  with  Tschermak's  hypothetical  compound, 
RAIjSiO,.  It  is  also  commonly  assumed  that  the  amphibole  mole- 
cules are  larger  than  those  of  the  pyroxenes,  as  shown  by  the  formulte 
of  diopside,  ^^CaSi^O,,  and  tremoUte,  Ca3i^3i40„.  The  latter 
assumption,  however,  is  not  well  grounded,  for  the  amphiboles,  as  a 
rule,  are  lower  in  specific  gravity  than  the  corresponding  pyroxenes, 
which  indicates  that  their  molecules  are  really  less  condensed.  The 
true  molecular  weights  are  unknown;  and  it  is,  quite  possible  that 
they  are  better  represented  by  polymeric  symbols,  such  as  R,Si,0,4 
in  the  pyroxene  series  and  IljSi,Oy  for  the  amphiboles.  The  way 
in  which  the  alkali  pyroxenes  alter  into  mixtures  of  orthosiLcatee 
and  trisihcatos  offers  an  argument  in  favor  of  this  view.  In  fact, 
G.  F.  Becker'  has  sought  to  explain  the  relations  between  the  two 
groups  of  minerals  upon  the  supposition  that  they  are  mixtures  of 
the  two  classes  of  salts  just  named.  There  are  still  other  interpreta- 
tions of  the  hornblendes.  R.  Scharizer '  rt^ards  them  as  mixtures  of 
actinohte  with  an  orthosihcate  isomeric  with  garnet,  R",R'"jSi,0„, 

1  Z«llw^.  D«u(9Ch.  g«oL  OoelL,  vol.  37,  ISBS,  p.  tO. 
I  Ulninlogla  d«  la  Fnnce,  toL  l,  I8B3-1B«5,  pp.  668-MB. 

•  Hln.  p«t.  ma,.,  vol.  4, 1S83,  p.  ttO. 

•  Nhim  Jahrb.,  Band  2,  ISS6,  p.  90. 

•  Am.  Jour.  8cl.,3d3er.,  tdI.  38,  less,  p.  IM.    Sea  abo  F.  W.  Clarke,  Boll.  V.  S.  Owl.  Sun«]rMa.HS, 
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to  which  he  has  given  the  name  "  syntsgmatite."  A  hornblende 
from  Jan  Mayen  Idand  agrees  very  nearly  with  the  supposed  syn- 
tagmatite  in  composition.  F.  Berwerth '  also  assumes  the  preaence 
of  ortbosiUcates  in  the  hornblendes,  and  attributes  part  of  their 
alumina  to  molecules  which  are  either  those  of  micas  or  isomeric  with 
them.  Another  portion  of  the  alumina  he  regards  as  forming  the 
metasilicate  Al^i,0„  a  compound  whioh  is  not  known  to  occur  by 
itself  in  nature.  An  alkali  hornblende  from  Piedmont,  described  by 
F.  B.  Van  Horn,'  haq  very  nearly  ofthosihcate  ratios;  and  so  also 
has  a  variety  from  Dungannon,  Ontario,  studied  by  F.  D.  Adams  and 
B.  J.  Harrington.*  Some  hornblendes,  however,  contain  a  larger 
proportion  of  oxygen  than  orthosihcates  require;  and  to  explain 
their  fMmstitution  it  is  necessary  to  assume  the  existence  of  basic 
salts — a  condition  which  is  fulfilled  by  the  molecule  KAl,3iO,.  The 
synthesis  of  such  a  compound,  or  its  discovery  as  an  actual  mineral 
would  go  far  toward  settling  the  constitution  of  this  important 
group.* 

An  interpretation  of  the  amphiboles  quite  unlike  that  of  Tschermak 
has  been  prop(»ed  by  S.  L.  P^ifield  and  F,  C  Stanley.*  They  assume 
the  existence  in  them  of  bivalent  molecules,  A1,0F„  Al,0(OH)j, 
A1,0^",  and  Ai,0^"Nti,,  and  also  the  univalent  group  MgF,  in 
order  to  occoimt  for  fluorine,  water,  and  ^umina.  All  of  the  amphi- 
boles are  then  formulated  as  polymetssilicates. 

AH  of  these  interpretations  of  the  amphibole  group  need  careful 
reconsideration  in  the  light  of  evidence  obtained  by  E.  T.  Allen  and 
J.  K.  Clement.*  These  chemists  £nd  that  water  is  an  almost  invaria- 
ble constituMit  of  these  minerals,  running  up  in  tremoUte  to  as  high 
as  2.5  per  cent.  Th^  water  is  gradually  lost  on  heating,  without  any 
loss  of  homogeneity  and  with  very  slight  change  in  the  optical  prop- 
erties. It  is  therefore  not  constitutional  but  occluded  water,  or 
water  in  "solid  solution,"  as  the  authors  express  it.  W.  T.  Schaller, 
however,  finds  that  the  water  of  tremolite  is  essmtial  to  the  meta- 
siUcate  ratio,  and  is  therefore  more  probably  constitutional. 

Gla'U£ophane. — ^Monoclinic.  Normally  NaAlSi,0,.(F©Mg)SiO„  but 
variable  amoimts  of  the  calcium  metasihcate  may  be  present  also. 
Color,  blue,  bluish  black,  or  grayish.  Specific  gravity,  3  to  3.1. 
Hardness,  6  to  6.5. 

>BltBiaciti.E.AkBd.WlBi.W[aii,vol.8£,pt.l,lSSi,p.1U.  SMBtaoH.HMlcka.Doct.Dta.,  aactlngm, 
1S«0. 

•  Am.  OMdogW,  vol.  21,  ISM,  p.  370. 

■  Am.  Jom'.  Bd.,  4tb  mt.,  voL  I,  1898,  p.  210.    "Hartln^te." 

•  AimnUiig  Co  C.  DoeHv  and  E.  DIttlgr  (Sltouigsb.  E.  Jiimi.  Wbi.  Wlen,  vol.  121,  Abth.  1,  1*1?, 
p.MT],  ttia  compomul  UfAltSIOilsmutahleinlilaloD.  A  compound  EtAljSIOt  bu  liMn  prapand  by  Z. 
Wejbarg,  Centnlbl .  UlB.,  OsoL  □.  Pol . ,  1  SI  I ,  p.  32S. 

•An.  Joor.  Sd.,  4tltsar.,ToL23,lH>7,p.23.  OtberdlBcusstanaotthecoDsUtiitkioarUMunpliIbataian 
bf  B.  Kmtc,  Bluunpb.  K.  AkBd.  Wisa.  Wltn,  vol.  11 7,  Abtb.  1,  igoe,  p.  877,  and  O.  Margod,  BoD.  Dqit. 
QMBtj  Votv.  CaUIOnuB,  vuL  4,  ISM,  p.  3M. 

•  Am.Jiiui.Scl.,lIhier.,vol.3S,p.lDl,im.    SohoUw's cilUclam la aa jet oi  - 
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Biebedite. — Monoclinic.  Composition,  2NaFeSi,0«.FeSiO,.  Color, 
bla«k. 

Orocidolite. — Composition,  MaFeSi,0,.FeSiO,.  Beeembles  riebeck- 
ite.  Molectilar  weight,  364.1.  Specific  gravity,  3.2  to  3.3.  Molecu- 
lar volume,  112.  Asbestiform.  Color,  dark  blue,  sometimes  greenish 
or  nearly  black.    Hardness,  4. 

Several  other  amphiboles  related  to  t^e  three  species  described 
above  have  been  given  independent  names.  Rhodusite,  described  bj 
H.  B.  FouUon,'  is  an  asbestiform  variety  of  glauoophane  in  which 
aluminum  has  been  replaced  by  ferric  iron.  Croasite,  from  Cali- 
fornia, according  to  C.  Falache,'  is  intermediate  between  riebeckite 
and  glaucophane,  Holmquistite  is  a  glaucophane  from  Sweden  con- 
taining over  2  per  cent  of  lithia,  described  by  A.  Osann,' 

Arfvedaonite. — Monoclinic.  The  composition  is  approximately 
4Na^iO,+  13FeSiO,+  3CaSiO,  +  Fe"Al,SiO„  but  probably  variable. 
Specific  gravity,  3.45.     Color,  black.     Hardness,  6. 

Barkemhiie. — Intermediate  between  aifvedsonite  and  hornblende.* 
Color,  black.     Specific  gravity,  3.43. 

MnigmaUte. — Tridinic.  Essentially  a  metasilicate  jof  sodium  and 
ferrous  iron,  but  with  titanium  replacing  a  part  of  the  silicon,  and  a 
small  admixture  of  the  basic  salt  RFe'",SiO,.*  Specific  gravity,  3.80. 
Color,  black. 

Among  these  alkali  amphiboles,  glaucophane  and  riebeckite  are  the 
most  important.  They  are  partly,  although  not  absolutely,  the  equiv- 
alent of  jadeite  and  acmite  among  the  pyroxenes,  hut  differ  from  them 
chemically  in  containing  the  molecules  FeSiO,  and  M^O,  in  addi- 
tion to  the  aluminous  compoimds.  None  of  them  has  been  prepared 
synthetically,  and,  like  the  other  amphiboles,  they  yield  pyroxwee 
upon  fusion.' 

Glaucophane  occurs  chiefly  in  a  series  of  glaucophane  schists  and  in 
oclogite.'  It  has  also  been  observed  in  some  eruptive  rocks.  It  alters 
into  chlorite,  feldspar,  and  hematite.'  Riebeckite  is  found  in  gran- 
ites and  syenites;  crocidoUte  also  occurs  in  granite  and  in  quartz 

1  Sttom^.  E.  Akad.  Win.  WLen,  toI.  100,  Abtb.  I,  IWI,  p.  ITS. 

■  Bnll.Dapt  a&Aatj  UdIt.  Qdlfomia,  vol.  i,  ism,  p.  isi. 

■  SltniDgsb.  Hsldelbe^  Akad.,  1SI3,  Abhandl.  S. 

•  For  a  dlsoimlaii  of  the  compoaltloii  of  barkevlklle,  bm  W.  C.  BrDgger.  Zeltsctar,  Xiyit.  Uln.,  yA.  IS, 
IMO,  p.  ta.  Tat  ctmnltatlco  of  thess  unpbibala  >m  F.  W.  Clarke,  Boll.  U.  8.  Oed.  Barre;  No.  SO, 
pp.  1(0, 103. 

•  8e6  BrOetf,  <9-  dt.,  pp.  AO-IK.  See  aba  J.  SoeUnar,  Neuee  Jahib.,  Bell.  Band  M,  IBOT,  p.  K6,  idu 
haadeMtlbedaiiewiiitnntl, rboBoile, illledU)  imlKmatlte. 

•  SeeBrOcger,  op.  clt.ip.  410,wlthrelereiice  tDarfvedsoDlle.  C.  Doellar  (Uln.  pet.  Hltt.,  vd.  ID,  ISSR, 
p.  TD)  fund  gUacophana  wlUi  iodliini  flucrlae  and  magpalum  fluoride  and  oblsinsd  ■  prndoct  rwemliHtn 
acBlU. 

'  Be*  K.  OebtMke,  Zejtsclir.  Deutwtb.  geol.  Oesall.,  vol.  38,  lese,  p.  CM,  lor  a  ■amniary  of  oconnnos  uid 
blbllocnvby.  AIM)  H.  fi.  WuhlnfUm,  Am.  Jour.  Set.,  ttb  set.,  vol.  11,  ItOl,  p.  St;  O.  T.  Backer,  Uin. 
U.  S.  Oeol.  Snrvsy,  vol.  13, 1S§8,  p.  102;  and  H.  RonObuKh,  SlUunffb.  K.  Akad.  Win.  Bvlfn,  UK,  p.  KM. 
WaaliliiEl'n'e  memoir  li  vary  hill.  On  (he  glaucophane  rocki  of  ColIhnUa,  lea  I.  P.  SmtOl,  Fnc.  Ask 
Fhlk^  Boc„  vol.  tfi,  1007,  p.  181. 

•  L.  Cokmba,  Zeltaohr.  EiTit.  Uin.,  vol. »,  IW6,  p.  US. 
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schist.  By  oxidation  of  the  iron  and  infiltration  of  silica,  crocidolite 
altera  into  the  heautiful  ornamental  stone  known  as  "tiger-eye." 
Rieheckite  is  reported  as  altering  to  epidote.* 

Arfredsonite  and  barkevikite  occur  chiefly  in  augite  and  eUeolite. 
syenites,  also  in  a  granite.  .^Inigmatite  is  known  chiefly  from  the 
sodalite  syenite  of  Greenland;  but  cossyrite,  which  is  probably  the 
same  mineral,  was  found  in  a  rhyolite  lava.  Arfvedsomte  altem  into 
acmite  and  lepidomelane,'  and  so  also  doee  barkerikite.* 

Eaersutite  from  Qreenland  and  linosite  from  the  island  of  Linosa, 
east  of  Tunis,  are  aluminous  amphiboles  rich  in  titanium.  In  lin- 
osite  H.  S.  Washington  *  found  over  10  per  cent  of  TiO,. 

THE   OUYINE   OBOtlP. 

Forsterite. — Or^rhombic.  Composition,  M^iO«.  Molecular 
weight,  141.4.  Specific  gravity,  3.2.  Molecular  volume,  44.2.  Color, 
white,  often  tinted  yellowish,  greenish,  or  gray.  Hardness,  6  to  7. 
Melting  point,  1,890°,  Bowen. 

FayaliU. — Orthorhombic.  Composition,  Fe^iO,.  Molecular 
weight,  204.4.  Specific  gravity,  4  to  4.14.  Molecular  volume,  49.8. 
Color,  yellow  to  brown  and  black.     Hardness,  6.5. 

Forsterite  and  fayalite  are  two  minerals  which,  rare  by  themselves, 
are  very  common  in  isomorphous  mixture.  The  usual  mixture,  in 
which  the  magnesium  salt  predominates,  is  known  as  olivine,  chryso- 
lite, or  peridot.  A  variety  containing  a  large  amount  of  iron  is  called 
hyalosiderite.  Hortonolite  is  another  member  of  the  group,  contain- 
ing much  iron,  less  magnesia,  and  about  4.5  per  cent  of  manganese 
oxide.  The  compound  Mn,SiO,  occurs  as  tephroite,  and  roepperite  is 
a  variety  craitaining  zinc.  KnebcUte  is  intermediate  between  fayalite 
and  tephroite.  All  of  these  minerals  are  represented  by  the  general 
orthoeilicate  formula  K,SiOi.  Titanic  oxide,  up  to  5  per  cent  or 
more,  may  replace  a  part  of  the  silica  in  olivine,  forming  a  variety  to 
which  the  name  titanoUvine  has  been  ^ven.* 

MonticeUite. — Orthorhombic.  Composition,  MgCaSiO^.  Molecu- 
lar weight,  188.9.  Specific  gravity,  3  to  3.25.  Molecular  volume,  61. 
Colorless  to  yellowish,  greenish,  or  gray.  Hardness,  5  to  5.B.  The 
very  rare  glaucochroite,  CaMnSiO^,  is  analogous  to  monticeUite  in 
composition. 

■  OnTfabacklUnicki.iiieO.T.  Prior,  HiiiMBkig.lIat.,v<d.l3,18W,  p.S9;  P.  Tennier.BoU.  Soc.  mtn., 
TCt.  IT,  1«H,  p.  XS;  O.  M.  ICnrxoel,  Am.  Jour.  Scl.,  41ti  Mr.,  vol. »,  IDOS,  p.  133.  Aooardlng  to  Ifuioal, 
liafaMktla  Iords  oolj  from  penQlcIo  nugmaa.  Riebecklle  rookl  (Mm  OUalunu  an  dcuflbad  by  A.  F. 
Raga  tn  Jour.  Oaciog;,  vol.  IS,  11X17,  p.  3S}. 

•  W.  C.  BrSoR,  Zolncbr.  Kryst.  Kin.,  toI.  IS,  IWO,  pp.  WT-110;  *IM  N.  V.  Unln^  iton,  vol.  X,  iWi, 
p.  104. 

•  BrSd*,  Op.  eft.,  pp.  <1g-m. 

•  Am.  loiir.  BoL,4th  nr.,  vol.  9t,  ItOS,  p.  I8T. 

>  B«a  A.  DunoDt,  Boll.  Sag.  mta.,  TOL  2, 1B»,  p.  IS;  UMl  L.  BracimUlll,ZaltKte.  EijFrt.  Un.,  ToLSfl, 
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The  members  of  the  olivine  group  are  easily  prepared  by  artificial 
means,  and  are  of  common  occmrence  in  slf^.* 

The  fiist  intentional  synthesis  of  olivine  was  effected  by  Berthier,* 
by  simply  fusing  its  constituent  oxides  togetber.  Fouqa£  and  L^vy  * 
also  obtained  it  by  fusing  silica  and  magnesia  with  ferrous  ammo- 
nium sulphate.  In  their  synthesis  of  basalt  *  they  observed  oUvine 
among  the  earliest  crystallizations  from  the  magma.  J.  J.  Ebelmen  • 
prepared  forsterite  by  fusing  a  mixture  of  boric  oxide,  sUica,  and 
magnesia.  In  this  case  the  boric  oxide  simply  serves  as  a  solvent  of 
relatively  low  melting  point,  from  which  the  synthetic  mineral  crys- 
taUizes  just  as  ordinary  salts  crystallize  from  solution  in  water.  A. 
Daubr^e  ■  obtained  ohvine  by  recrystallizatiou  from  fused  meteorites, 
magnesian  eruptive  rocks,  and  serpentine.  He  also  ^  prepared  mix- 
tures of  oUvine  and  metaUic  iron,  resembling  certain  meteorites,  by 
partial  oxidation  of  an  iron  silicide  and  subsequent  fusion  of  the 
product.  G.  Lechartier*  fused  silica  and  magnesia  with  calcium 
chloride,  and  P.  Hautefeuille*  operated  with  the  same  oxides  and 
magnesium  chloride.  Olivine  was  produced  in  both  cases  when  the 
oxides  were  in  the  proper  proportions.  By  varying  the  proportions 
enstatite  or  enstatite  and  olivine  together  were  formed.  S.  Meunier,** 
by  heating  magnesium  vapor  to  redness  in  a  mixture  of  water  vapor 
and  silicon  chloride,  obtained  both  oUvine  and  enstatite.  Fayalite 
was  prepared  by  A.  Goi^eu,"  who  heated  ferrous  chloride  with  silica 
to  redness  in  a  stream  of  moist  hydrogen.  Olivine  is  also  formed,  ao- 
cordii^  to  C.  Doelter,^*  when  hornblende  is  fused  with  calcium  and 
magnesium  chlorides,  and  is  among  the  products  of  fusion  of  biotite, 
vesuvianite,  toiumaline,  clinochlore,  and  some  garnets.  Forsterite 
was  obtained  by  E.  T.  Allen,  F.  E.  Wright,  and  J.  K.  aement" 
incidentally  to  their  preparation  of  magnesian  pyroxenes. 

Olivine  is  an  essential  pyrogenic  constituent  of  many  eruptive 
rocks,  such  as  peridotite,  norite,  basalt,  diabase,  and  gabbro.  Punite 
is  a  rock  consbting  of  olivine  alone,  or  at  most  accompanied  by 

■  B*e7oaqadaiidUT;.5jiitha»de3mlii£rauietd«roche3,p.96;L.  Bdur£»oIa,Rep(odoctlauattUcI«U« 
d«  mlmjraax,  pp.  108-110;  Vogt,  Hlneralbllduiie  In  sduaslmuaim,  p.  S.  A.  Btalimr  and  B.  SdmlM 
(NniM  J>llrb.,IS82,pt.l,p.  lTO)luiTedeicrtb»daslag  conUliiiiigailiiD4iaariiicb;m<lte;Mid  H.  Lnptjm 
(ZgltKlir.  KrTrt.  Hln.,  vol.  7, 1SB3,  p.  W>  baa  repoit«d  auolher  fnriMoe  product  bAvtag  Uie  tuaapoaacD 
UnPtiSliOt. 

'ClMdby  Fouqudandl.^,  op.  cit.,p.07. 
'  Ball.  So;,  mln.,  vol.  4, 1BS1,  p.  -jn. 

•  Compt.  Rend.,  vol.  S2,  ISgl,  p.  367. 

•  Aimalncbim.  phys.,  3d  sm.,  vol.  33,  IgJ],  p,  U. 

•  Compt.  R«i>d.,  Toi.  ti,  isae,  pp.  200,  see,  «eo. 

■  Cmnpl.  Rand.,  to],  07, 1S6S,  p,  41. 

•  AmiBln  chlm.  p)i7S.,4Ui  Mr.,  vol,  4,  IMS,  p.  120. 
"Compt.  Rand.,  vol.  93,  IBSI,  p  .737. 

u  Idnn,  vol.  ge,  18S4,  p.  820. 

-  Kin.  pet.  Ultt.,  vol.  10,  ISSS,  p.  B7;  and  Nauss  Jahrb.,  1SS7,  Band  1,  p.  1. 

■>  Am.  Jour.  ScL,  tth  sor.,  vol.  N,  IMO,  p.  385.  Saa  also  N.  L.  Bovan  and  O.  Andonen,  Am.  Jour.  Mf 
401  Bar.,  nl.  IT,  p.  487, 1014. 
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trivial  funounts  of  accessories.  Since  olivine,  fused  with  silica,  yields 
enatatite,  it  can  occur  normally  only  in  rocks  low  in  silica.  As  the 
latter  increases  in  amount,  pyroxenes  take  its  place.  Olivine,  how- 
ever, sometimes  appears  abnormally,  as  a  minor  accessory,  in  highly 
-  siliceouB  rocks  like  trachyte  and  andesite.  Fayalite,  for  instance,  was 
found  by  J.  P.  Iddings,'  associated  with  tridymit«  in  lithophyses  of 
rhyoUte  and  obsidian,  in  the  Yellowstone  Park.  A  similu*  occur- 
rence in  the  lipari  Islands  ia  reported  by  Iddings  and  S.  L.  Pen- 
field.'  At  Rockport,  Massachusetts,  fayalite  has  been  found  in 
granite.*  Olivine  is  also  a  common  constituent  of  meteorites  and  ia 
often  conspicuously  associated  with  metallic  iron.  As  products  of 
thermal  metamorphism  olivine  and  forsterite  are  found  in  limestones 
and  dolomites,  frequently  accompanied  by  spinel.*  The  boltonite  of 
Bolton,  Massachusetts,  is  an  occurrence  of  this  kind. 

The  members  of  the  olivine  group  all  undergo  alteration  with 
extreme  facihty.  The  typical  alteration  of  peridotite  rocks  is  into 
serpentine.  By  further  changes,  magnetite,  magnesite,  hydromag- 
nesite,  brucite,  excite,  opal,  and  quartz  may  be  formed.  By  oxidation 
of  the  iron  sihcate,  limonite  is  produced.  P.  von  Jerem^ef  *  has 
described  pseudomorphs  of  talc,  serpentine,  and  epidote  after  olivine. 
The  olivine  was  first  transformed  to  serpentine,  that  into  epidote,  and 
that  finally  into  talc  and  clay.  Pseudomorphs  of  hornblende  after 
olivine  are  recorded  by  F.  Becke  *  and  B.  Kolenko.'  By  a  reaction 
between  olivine  and  feldspar,  according  to  R.  Brauns,*  a  pyroxene 
can  be  formed.  Monticellite  alters  into  serpentine  and  pyroxene; 
and  C.  H.  Warren  *  found  a  ferrous  anthophyllite,  FeSiOi,  derived 
from  the  fayalite  of  Rockport. 

THE   MICAS. 

Museovite. — MooocUnic.  Composition  normally  AlaKH^i,Oi,. 
l^ecular  weight,  399.6.  Specific  gravity,  2.85.  Molecular  volume, 
140.  Colorlees  when  pure,  but  usually  tinted  slightly  by  impurities. 
Hardness,  2  to  2.5. 

Some  varietiee  of  muscovite  differ  from  the  normal  compound  in 
contfuning  a  hi^er  proportion  of  silica.  These  all  represent  admix- 
tures of  the  isomorphous  trisihcate  Al,KH,S)«0j4.  Fuchsite  is  a 
muscovite  containing  small  amounts  of  chromiimi,  replacing  alumi- 
num.   Baddeckite  *"  appears  to  be  a  muscovite  containing  much  ferric 

I  Am.  Jovt.  Sd.,  3d  HT.,  ToL  M,  1K85,  p.  W. 

>  Idmn,  Tol.  M,  18W,  p.  75. 

•Bm  S.  L.  PenOeld  and  E.  H.  Forbes,  Am.  Jour.  Scl.,  4th Mr.,  yoL  1, 18W,  p.  12ft 

•  S«  C.  T.  Clough  and  W.  Pollard,  Quart.  Jour.  OeoL  Hoc  toL  U,  ISSB,  p.  312 

•  Zaltaeta.  Erygt.  UIil  ,  voL  S2, 1000,  p.  430. 

•  Mln.  pet.  UltL,  voL  i,  1682,  p.  UO. 
'  Nanaa  latub.,  leSb,  Band  2,  p.  W). 

•  Tdom,  ins,  Band  1,  p.  79. 

•  Am.  Joar.  ScL,  1th  9er.,  vol.  1«,  1903,  p.  337. 
uO.  C.  HoUmaim,  Ana.  Rapt.  Gwl.  aurver  Canada,  vol.  R,  I3M,  p.  11 R.. 
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iron,  due  to  admixtures  of  the  compound  Fe,KH}Si,0„.  F.  W. 
Clarke  and  N.  H.  Darton '  have  described  an  altered  mica  which 
seems  to  be  derived  in  part  from  the  same  ferric  ealt.  Roscoelito  is 
similar,  but  with  nearly  two-thirds  of  the  aluminum  replaced  by 
Tanaditmi.*  Sericite,  margarodite,  damourite,  gilbertite,  etc.,  are' 
muacovit«s  of  secondary  origin. 

ParagonUe. — ^Monoclinic.  A  sodimn  mica,  AI^NaHtSijO,,,  corre- 
sponding to  muscovite.  Molecular  weight,  3S3.5.  Specific  gravity, 
2.9.  Molecular  voliime,  132.2.  Color,  like  muscovite.  Hardneae, 
2.5  to  3. 

Lepidoliie. — -Monoclinic.  A  lithia-bearing  mica  of  variable  com- 
position. In  most  casee  a  mixture  of  a  fluoriferous  trisilicate, 
AlF,.Si,0,.K'„  in  which  R'  =-  (Li,K) ,  with  molecules  of  the  muscovite 
type.  Color  commonly  roae-red  or  lilac,  but  also  white,  gray,  or  brown. 
Specific  gravity,  2.8  to  2.9.  Cookeite,'  Al,LiH  (SiO j,(OH),.H,0,  is 
probably  a  derivative,  by  hydration,  of  lepidohte;  but  it  may  be 
an  alteration  of  tourmaline.  Polylithionite  is  another  hthia  mica 
in  which  the  ratio  Si:0  ia  entirely  trisilicate.  The  separate  exist- 
ence of  such  a  compound  among  the  micas  sheds  much  light  upon 
their  constitution;  but  of  that,  more  later.  Zinnwaldite  and  ciyo- 
phyllite  are  other  lithia  micas  containing  iron  and  intermediate  in 
composition  between  lepidolite  and  the  ferruginous  biotites.  Lepido- 
Ute  is  found  chiefly,  if  not  exclusively,  in  albitic  pegmatite  veins  and 
has  little  significance  as  a  rock-forming  mineral. 

Biotite. — ^Monochnic.  Normal  composition,  Al,MgjKHSi,Oi,,  but 
with  admixtures  of  the  corresponding  ferric  and  ferrous  salts  in 
variable  proportions.  Molecular  weight  of  the  normal  biotito,  420.3. 
Specific  gravity,  2.7.  Molecular  volume,  155.6.  The  specific  gravity 
of  the  iron  biotites  may  reach  3.1.  That  is  the  density  of  siderophyl- 
lito,  which  b  very  near  to  the  normal  ferrous  biotito  in  composition 
and  has  a  molecular  volume  of  155.9.  There  are  also  biotites  cod- 
taining  small  amounts  of  chromium,  barium,  manganese,  etc  Color, 
in  biotito  generally,  green  to  black,  rarely  white,  sometimes  yellow 
to  brown.     Hardness,  2.5  to  3. 

Phhgopiie. — ^Monoclinic.  Composition  variable;  typical  phlogo- 
pite  approximates  to  Al^^KH,Si,Oj}.  Usually  contains  a  low  pro- 
portion of  wator  and  some  fluorine;  also  iron  in  small  quantities. 
Normal  molecular  weight,  418.6.  Spedflc  gravity,  2.75.  Molecular 
volume,  152.2.  Color,  brown,  yellowish,  reddish,  greenish,  some- 
times white.  Hardness,  2.5  to  3.  Between  phlogopito  and  biotito 
there  are  many  intermediate  mixtures;    and  the  varieties  contain- 

I  Bull.  U.  8.  OmL  Surrey  No.  187,  IXO,  p.  1S4. 

■  F.  W.  Clwkc,  idem,  p.  7X. 

■  S«e  Cluka,  Bull.  U.  S.  OaoL  Bom;  No.  SS8, 1D14,  p.  57. 
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ing  mucii  ferric  iron  are  kaown  as  lepidomelane.     The  ratios  of  the 
latter  are  commonly  near  those  of  biotite. 

ChJorUoid. — Monodinic.^  Compoaition,  AljFe"H,SiO, ;  being  a 
very  basic  orthosilicate.  Some  magnesia  or  manganese  may  replace 
a  pari  of  the  iron.  Molecular  weight,  252.5.  Specific  gravity,  3.45. 
Molecular  volume,  73.2.  Color,  gray,  greenish  gray,  and  grayish  or 
greenish  black.  Hardnees,  6.5.  Ottrelite,  which  is  an  important 
constituent  of  some  schists,  is  probaUy  the  trisilicate  corresponding 
to  chloritoid,  Al^eHjSisO,,.  These  minerals,  together  with  mar- 
garite,  seybertite,  and  xantJiophyllite,  form  the  cUntonite  group,  or 
so-called  brittle  micas.  They  are  all  foliated,  micaceous  minerals, 
extremely  basic,  and  free  from  alkahes.  The  true  feiromagnesian 
micas  often  contain  admixtures  of  these  basic  molecules. 

Although  muscovite  is  very,  simple  in  its  constitution,  the  other 
micas,  including  the  clintonite  series,  are  quite  complex.  Just  as  in 
the  pyroxene  and  amphibole  groups,  we  have  to  deal  with  isomorphous 
mixtures  of  different  salts,  which  vary  not  only  to  some  extent  in  type, 
but  also  in  their  "replacements"  of  aluminum  by  iron  or  diromium, 
potassiiun  and  hydrogen  by  sodium  or  lithium,  and  magnesium  by 
iron  or  manganese.  In  some  of  the  brittle  micas  calcium  also  appears, 
and  in  lepidolite  and  phlogopite  the  equivalency  of  hydroxyl  and 
fluorine  has  to  be  taken  into  account.  Furthermore,  the  ferromag- 
nesian  micas  are  highly  alterable  by  hydration;  and  it  is  not  always 
possible  to  be  certain  whether  a  change  of  that  order  may  not  have 
begun.  In  spite  of  all  difficulties,  however,  tiie  normal  micas  can  be 
expressed  by  a  smaller  number  of  generalized  formulie.  which  are  all 
derivable  from  one  general  type,  as  follows: 

MuBcovite.  R"',R',(8iO.),        ttod  R'^'jR'^Si.O,),. 

BioUte,        R"'jR",R'j(8iOJ,  and  R'"i,R"»R',(8i,0,),. 

Phlogopite,  B'",R",B'i(8iO«),  and  R"',B",B'.(Si,0,),. 

According  to  J.  UhUg,*  the  rare  mineral  kryptotile,  an  alteration 
product  of  prismatine,  is  an  end  member  of  the  muscovite  series, 
with  formula  Al^HjCSiO^),.  Possibly  the  claylike  mineral  loverrierite 
may  be  akin  to  kryptotile.  To  these  normal  micas  must  be  added 
two  basio  types,  R"'Fj.Si,OgR'j  in  lepidohto,  zinnwaldite,  and  some 
phlogopites,  and  the  clintonite  molecule  R"'0,R".Si,Og.R'„  with 
its  orthosilicate  equivalent  R"'0,R"-SiOj.R',.  To  each  of  these 
forms  a  known  mica  corresponds,  so  that  the  expressions  involve  no 
aesomptiona  of  hypothetical  molecules.  In  G.  Tschermak's  theory 
of  the  mioa  group,'  hypothetical  compounds  are  invoked  with  which 
no  aotaal  micas  agree. 
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Several  Byntheses  of  mica  have  been  reported,  but  they  are  not  alto- 
gether satisfactory,  for  the  reason  that  the  products  obtained  were 
not,  except  in  one  instance,  verified  by  analyms.  Unfortunately,  a 
lai^e  proportion  of  the  work  so  far  done  in  synthetio  mineralogy  has 
berai  purely  qualitative,  and  therefore  inoomplete.  A  Bubetance  may 
be  micaoeous  and  yet  a  different  thing  from  any  natural  member  oi 
the  mica  group.  The  true  micas,  as  a  rule,  axe  hydrous  minerals; 
water  is  one  of  their  essential  constitaents;  syntheses  by  igneous 
methods,  at  ordinary  pressures,  are  therefore  to  be  regarded  mtk  sus- 
picion. Some  phlogopitee  are  nearly  anhydrous,  however,  and  it 
would  be  unwise  to  condemn  the  reported  syntheees  without  further 
investigation.  The  m^nesian  mica,  dee(aibed  and  partly  analyzed 
by  J.  H.  L.  V<^,'  from  the  sl^s  of  the  Kaf  vdtorp  copper  works  in 
Sweden,  may  have  been  a  phlogopite  of  the  type  just  indicated,  with 
its  bydroxyl  replaced  by  some  other  monad  radicle.  To  Fouqu6 
and  Levy's'  syntheeia  of  a  mica  trachyte,  the  objections  just  cited  do 
not  apply.  They  heated  a  powdered  granitic  glass  with  a  little  water, 
under  preesure,  and  for  a  long  time,  to  redness,  and  obtained  an  arti- 
ficial rock  in  which  scales  of  mica  were  visible.  In  tiiis  synthesis 
water  played  a  distinct  part. 

By  t^e  prolonged  heating  of  andalusite  with  a  solution  of  potassium 
carbonate  and  potassium  fluoride  at  250°,  C.  Doelter '  obtained  soalee 
of  white  mica.  This  transformation  is  instructive,  for  andalusite 
alters  into  muscovite  quite  readily.  P.  Hautefeuille  and  L.  P.  de 
Saint-GiDee  *  fused  the  constituents  of  an  iron  mica  with  potassium 
sihoofluoride  and  found  crystals  resembling  mioa  in  their  product. 
K.  Chmstschoff 's '  work  was  more  definite.  He  fused  a  mixture 
equivalent  to  a  mica  basalt  with  the  fluorides  of  sodium,  aluminum 
and  magnesium,  and  also  with  potaedum  silioofluoride.  After  very 
slow  cooling,  the  mass  contained  a  mioaceoua  mineral,  which  was 
separated  and  analyzed.  It  was  essentially  an  anhydrous  biotite. 
J.  Morozewicz  •  added  about  1  per  cent  of  tungstio  acid  to  a  mixture 
having  the  composition  of  rhyolite,  and  obtained,  after  prolonged 
fusion  and  slow  cooling,  tables  of  biotite. 

C.  Doelter,^  in  a  series  of  memoirs,  reports  the  formation  of  micas 
by  the  fusion  of  various  natural  silicates  with  fluorides.  Hornblende, 
augite,  pyrope,  almandite,  and  grossularite,  fused  with  sodium  fluor- 
ide and  magnefflum  fluoride,  yielded,  among  other  products,  biotite. 
It  must,  however,  have  been  a  sodium  biotite,  for  the  materials  used 
seem  to  have  contained  no  potassium.    Qlaucophane  treated  in  the 

>  Berg-  u.  HQtUnm.  Zeltusg,  vol.  17,  p.  197. 
■  Compt.  Rflud.,  voL  113,  imi,  p.  2S3. 

>  AUgtmetDeolimilaaba  ICtnetirisgla,  p.  307. 

•  Compt.  Band.,  voL  IH,  1S87,  p.  108. 

•  Utn.  p«t.  llltL,  yd.  V,  1887,  p.  58. 

>  Id«m,  1888,  Band  3,  p.  ITS;   18BT,  Bwid  l,p.  1.    Abo  Um.  prt.  Uitt,  voL  10, 1 
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same  way  ghve  a  phl(^pite.  Leudte,  with  sodium  or  potasBiiim 
fluoride,  waa  converted  into  an  alkali  mica  and  with  nutgneeium 
fluoride  yielded  biotite.  Andalusite,  heated  to  rednees  with  potas- 
sium silicoflnoride  and  aluminum  fluoride,  gave  muscovite,  and  when 
lithium  carbonate  was  added  to  the  mixture  a  lithia  mica  was 
obtained.  An  artificial  mixture  correeponding  to  KAlSiO^  +  Mg^O,, 
fused  with  Bodium  and  magnesium  fluoride,  ajso  formed  biotite. 
From  other  mixtures  he  produced  muscovite,  phlogopite,  and  an  iron 
mica.  None  of  these  products  seema  to  have  been  analyzed,  and  as 
their  generation  ia  ascribed  to  presiunably  anhydrous  materials,  it  is 
probable  that  they  were  analt^ous  to  rather  than  identical  with  the 
natural  micas.  Possibly  they  were  micas  containing  fluorine  in  place 
of  hydroxyL  In  nearly  all  the  reported  syntheses  of  mica  fluorides 
have  played  an  important  part,  but  their  exact  function  is  unknown. 

Primary  musoovite  is  essentially  a  mineral  of  the  deep-seated 
rocks,  especiaUy  of  the  granites  and  quartz  porphyries.  It  is  never 
found  in  recent  eruptives-  From  its  water  content  we  may  infer 
that  it  was  formed  under  pressure.  Muscovite  is  also  abimdant  in 
mica  schist,  and  paragonite  is  similarly  found  in  a  paragonite  schist. 
As  an  alteration  product  of  other  minerals  muscovite  is  very  common. 
Feldspar,  topaz,  andalusite,  kyanite,  nephehte,  spodumene,  the  acapo- 
btes,  and  various  other  silioates  alter  readily  into  mica.  Finite  and 
several  other  pseudomorphous  minerals  of  like  character  consist  of 
muscovite  more  or  lees  impure.  Lepidolite  is  probably  in  many  cases 
secondary  after  muscovite,  for  it  often  forms  margins  upon  plates  of 
the  latter  mineral.  CryophyUite  forms  eimilar  margins  upon  lepi- 
domelane. 

Biotite  is  an  important  constituent  of  many  masfflve  igneous  rocks, 
such  as  granite,  syenite,  diorite,  trachyte,  andesite,  mica  basalt,  etc. 
It  forms  among  liie  earliest  secretions,  immediately  foflowing  the 
OT^  apatite  and  zircon.  It  is  sometimes  altered  by  magmatio  corro* 
Edon  to  a  mixture  of  augite  and  magnetite.'  Pressure  seems  to  con- 
dition its  formation.  Phlogopite  occurs  chiefly  in  granular  Archean 
limestones  and  in  serpentine;  hut  W.  Cross'  has  described  it  as  a 
constituent  of  a  pecuhar  igneous  rock,  wyomingite.  Chloritoid 
and  ottrelite  are  found  only  in  phyllitic  sch^ts,*  and  are  of  minor 
importance. 

Muscovite,  under  ordinary  conditions,  is  one  of  the  least  alterable 
of  minerals.  The  feldspar  of  a  granite  may  he  completely  kaolin- 
ized,  while  the  embedded  plates  of  mica  retain  their  brilliancy  almost 
unchanged.    By  treatment  with  aqueous  reagents  at  500°,  however, 

I  For  »  dbcmaloD  of  this  all«ratkiD,  ae»  H.  B.  WashlngUm,  Joat.  Oealogy,  vol.  i,  IBSS,  p.  26T. 

■  Am.  Jonr.  BoL,  4Ili  mi.,  tqI.  4, 1807,  p.  115. 

>  See  A.  Catbreln,  Ifln.  pet.  Uitt.,  voL  8, 1887,  p.  3S1;  and  L.  vu  Watvelra,  NeucB  Jsbib.,  18SE,  Band 
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C.  and  G.  Friedel '  transformed  muacovite  into  nephelite,  sodalito, 
leucite,  orthocl&se,  and  enorthite.  Upon  fusion,  according  to  C. 
Doelter,*  muscoTite  breaks  up  into  leucite  glass,  and  a  substance 
resembling  nephelite.  Lepidolite  and  zinnwaldite  bdiave  in  a  similar 
manner.  W.  Vemadsky  *  observed  conmdum  and  siUimauite  among 
the  fi^on  products  of  mica.  From  the  composition  of  muscovite  a 
splitting  up  into  water,  leucite,  and  sillimanite  may  be  inferred, 
according  to  the  equation — 

Al,KH,Si,0„= AlESijO, + Al,SiO» + H,0 ; 
and  with  this  the  reported  derivation  of  muscovite  from  lencite  cfm 
be  correlated.*  Biotite,  according  to  Doelter,  yields  no  ldU(Mte  upon 
fusion,  but  breaks  up  into  olivine  and  spinel,  with  other  lees  com- 
pletely identified  substances.  On  the  other  hand,  H.  BEckstrdm* 
fused  biotite  and  found  olivine,  leucite,  a  little  spinel,  and  glass  to 
be  the  substances  formed  by  its  decomposition. 

Unhke  muscovite,  biotite  and  phlogopite  alter  easily,  and  pass  into 
a  series  of  apparently  indefinite  substances  known  as  "vemiictdites." 
The  change,  however,  is  very  simple,  and  conasta  merely  in  the 
replacement  of  the  alkaline  metals  by  hydrogen,  with  assumption  of 
additional,  loosely  combined  water.  From  the  typical  ferromag- 
nesian  micas  the  following  derivatives  are  thus  formed: 

From  AljMgjKHSi,0,a Al^aH^i,0„.3H^. 

Fnm  AlM^KHjSijOu AJMftH,Si,0,j.3HjO. 

From  any  mixture  of  biotite  and  phlogopite  molecules  the  cor- 
responding hydrated  mixture  may  he  generated.  These  compounds, 
so  simply  related  to  the  parent  substances,  form  a  series  intermediate 
between  the  micas  and  the  chlorites  and  mark  a  transition  into  the 
latter  group  of  minerals,  which  will  be  considered  next  in  order.' 

THE   CHIjOBITES. 

Under  this  general  name  a  considerable  number  of  minerals  are 
embraced  which  are  closely  related  to  the  micas.  They  are,  how- 
ever, much  more  basic,  highly  hydrated,  and  free  from  alkalies. 
They  are  silicates  of  aluminum  or  ferric  iron,  with  magnesium  or 
ferrous  iron,  and  resemble  the  micas  crystallogrsphically  as  well  as  in 
the  scaly  or  foUated  habit  which  they  commonly  assume.     The  fol- 

I  Compt.  Send.,  vol.  UO,  lSM),p.  1170. 

t  NeueB  Johib.,  1BB7,  Bond  I,  p.  1. 

>  Cltad  br  Marocewld,  Kta.  pet.  Ultt.,  vol.  IS,  1898,  p.  M. 

•  Boa  Doeltar'i  eipiBimBat,  died  above. 

■  Oeol.  FSnn.  FCrhsndl.,  vol.  18,  ISM,  p,  182. 

•  On  the  alteration  pCDdDcts  of  tha  magnealao  micas,  ne  E.  Zschlmmn,  lenatadia  2etBdiT.,  TOL  31,  UH^ 
p.UI.  Ontbeactlonafvaternpotimlcas,  A.  JoIimtoQe,%asrt.Joiic.Oed.Boo.,val.U,lSW,p.36S.  Tm 
ainlTaesotTermiciil!tas,9ea£.B.I<aiu,  S^UmorinliieTSlaE7,flthed.,  pp.OM-aeS;  also  P.  W.CIutBuid 
B.A.SG]iiiek]Bt,Btill.U.S.Oe(il.SurverNa.78,lB>l;  Bull  Ho.  90, 18S2.  TtaBMrltorpvanotT.F.Oecte 
ftnd  F.  A.  Oenth  are  also  ImportanL 
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lowing  Bpeciee  are  recognized  by  Dana/  who  assigns  to  them  the 
annexed  empirical  formuUe: 

ClinocUore 1 

Penninite |H,(Mg,Fe),Al^i/)„.      _ 

Prochlorite Hjo(Fe,Mg)»Al„Sii,0„. 

CwundophiUte Hiio(Pe,Mg)„AI,Si,04,. 

D»plHiite H^ej,AI^i^a,. 

donstodtiU H,{Fe,Mg),Fe"'jS^O„. 

Thnringile H«Fek(Al,Pe)^0„. 

BtUpaomeUne 

Strigovito H.{Fe^),(Fe^)J3iAi. 

Diabantite H„(MK.Fe)uAl4SigOu. 

ApihitMiderite 'Rt„(Fe,}Sg\A1^0». 

DelMsite H„(Mg,Fe)*A1^0a. 

Eumpfite H^Mg,Al^i„0„. 

To  these  may  be  added  the  more  or  leas  uncertain  minerals  amesite, 
metachlorite,  klementite,  chamosit«,  epichlorite,  etc. 

None  of  the  fonnulse  given  above  is  fixed  and  definite,  for  each  of 
the  many  "chloiitee"  is  variaMe  in  composition.  The  minerals,  like 
the  feiTomagneeian  micas,  are  mixtures  of  compounds,  and  several 
attempts  to  disentangle  their  components  have  been  made.*  The 
umpleat  and  most  natural  interpretation  of  t^  chlorites  represents 
them  as  formed  from  a  seriee  of  compounds  parallel  with  those  iden- 
tified in  the  micas  and  vermiculites,  according  -  to  the  following 
scheme: 


Al,KH^8i04),.  

Al,Mg,KH(SiOJ,.  Al,MgA(8iOJ,.3H^.        AJ,(MgOH)A(8iOJ,. 

MMg^EB^SiOt),.  Amg,H,(SiO,),.3H^.  AI(MgOH)Ja,(SiOJa. 

AlOjMg.8iO4.ll',.  AlOaMg-SiOiE'i-S^.        A10»Mg.8i04.R',. 

On  thu  basis  the  relations  between  the  several  series  are  clear  and 
in  accord  with  the  natural  occurrences  of  the  minerals.  In  penninite 
and  cUnochlore  we  have  varying  mixtures  of  the  first  and  second 
chloritic  types,  just  as  among  the  micas  we  find  examples  interme- 
diate between  biotite  and  phlogopite.  Prochlorite  appears  to  be  a 
derivative  of  the  last  molecule,  having  the  formula — 

AlOjR'-SiO*.  CR"OH)H„ 
in  which  R"  is  partly  Fe  and  partly  Mg.' 

It  is  obvious,  from  their  hydrous  character,  that  the  chlorites  can 
not  form  as  pyn^enic  minerals.  They  are  always  of  secondary 
origjn;  and  when  they  appear  in  volcanic  rocks  it  is  as  the  result  of 

>  Sjrtam  of  mlnanlagy,  Slh  ed.,  p.  643. 

*8aBO.Tsdnnluk,  BUam^b.  ELAkad.  Wlaa.'WlBii.Tol.M,  Abth.  1,  ISSO.p.  174;  vol.  100,  Ajth.  1, 
p.3*.  B.BniiiM,NemaJalub.,Buidl,18M,p.20S,ai>dCbBiiil«bB)Uiienlogie,p.3Z1.  F.W.OiiB, 
Bon.  U.  S.  God.  SazmyVo.  US.  IBM, pp.  OMS.  Aneoiiler  dlstnaabn  by  Clarke,  ondUIefBatlJDn,  It 
■iTMla  BnS.  V.  8.  Oeol.  Samy  No.  lU,  18>3,p.  11. 

•  Per  tli«  othirehkcltie  nmunbiM  F.  W.  Ckrk*,  Boll.  U.  S.  Owl.  Surv^  No.  G8S,  lU4,pp.  (»^ 


398  THE  DATA  OF   GEOCHEMIBTBY. 

bydrothermal  alteratdon.  Almost  any  aluminous  feiTom^;&euan 
mineral  may  yield  a  chlorite  in  ihia  way.  Augite,  hornblende,  bio- 
tite,  TesuTianite,  epidote,  touimaline,  or  garnet  may  be  the  parent 
mineral.*  Chlorit^s  have  been  produced  artificially  by  G.  Fnedel 
and  F.  Grandjean,'  by  the  action  of  alkaline  solutions  on  pyroxenes. 

When  a  magneuan  chlorite,  such  as  clinochlore,  is  strongly  ignited, 
it  breate  down  into  a  soluble  and  an  insoluble  portion,  and  the  latter 
has  the  compoffltion  of  spinel.*  This  fact  is  strong  evidence  against 
Tscherm&k'a  theory  of  the  chlorite  group,  in  which  the  normal  series 
is  resided  as  formed  by  mixtures  of  serpentine,  HJh(gsSi,0|,  mth 
amesite,  H^M^Al^SiO,.  For  serpentine,  on  ignition,  splits  up  into 
water,  olivine,  and  enstatite,  and  the  last^-named  mineral  does  not 
appear  among  the  decomposition  products  of  clinochlore.  The  latter, 
therefore,  contains  no  serpentine,  and  the  theory  which  assumes  its 
presence  falls  to  the  ground.  C.  Doelter  *  reports  spinel,  olivine, 
and  atipte  as  formed  by  the  fusion  of  clinochlore;  but  the  experi- 
ments conducted  in  the  laboratory  of  this  Survey  exclude  the  insolu- 
ble augite  from  the  list  of  probabilities. 

Chlorites  are  abundant  among  the  metamorphic  schists,  chlorite 
schist  being  the  commonest  occurrence.-  An  interesting  metamorpho- 
sis of  suck  a  rock,  a  phyUite  contfuning  approximately  75  per  cent  of 
muscovite  with  25  of  chlorite,  is  reported  by  K.  Dalmer.'  With 
almost  no  change  of  composition,  other  than  loss  of  water,  it  was 
transformed  into  a  mixture  of  andalusite  and  biotite. 

THE  MEUIilTE    GROUP. 

Mditite. — ^Tetr^onal.  A  siUcate  of  aluminum  and  calcium  of 
variable  composition,  with  Fe"'  replacing  some  Al,  and  Mg  or  Na 
replacing  a  part  of  the  Ca.  Specific  gravity,  2.9  to  3.1.  Hardness,  5. 
Color,  white,  yellow,  greenish  yellow,  brown. 

GehienUe. — ^Tetragonal.  Composition  variable,  as  with  mehlite. 
The  formula  commonly  assigned  to  gehlenite,  Al,Ca,SijO,o,  is  not 
sustained  by  the  beat  evidence.  Specific  gravity,  3.  Hardness, 
6.5  to  6.    Color,  grayish  green  to  brown. 

AkermanUe. — Tetragonal.  Composition,  Ca,Si(Oio,  with  about  one- 
third  of  the  calcium  replaced  by  magnesium.  According  to  A.  L. 
Day  and  E.  S.  Shepherd  *  a  calcium  siUcate  of  this  formula  can  not 
be  deposited  from  lime-siUca  fusions.  The  magnesia  is  essential  to 
its  formation.    Ordinarily  found  only  in  slags,  but  the  natural  min- 

1  For  *  a>midgt«  dlMOBian  of  psoid  amorpbom  chlorite  aftv  pyiope.  Me  J.  Lembcrg,  ZaItaAi.  DtataA. 
KoL  0«mU.,  vol.  71,  IBTS.p.  HI. 

•  Bun.  eoc  mln.,  vol.  S2, 1908,  p,  ISO. 

■  F.  W.  dork*  and  E.  A.  Schuelds,  Bull.  U.  S.  Oeot.  Buivar  No.  113, 1803, pp.  37-33. 

<Nea(Blahrfa.,  l»7,  Bamll,  p.  1. 

•  Idem,  1897,  Band  i,  p.  IM. 

•Am.  Jaui.  8d.,4tbMc.,  vol.  23,  leos,p.  ast. 
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eral  is  reported  by  F.  Zambooiiii  *  as  occurring  in  calcareous  blocks 
at  Monte  Somma. 

These  tiiree  isotoorphous  silicates  are  closely  related  to  one  another. 
J.  H.  L.  Vogt '  regards  gehlenite  and  Akermanite  as  the  two  inde- 
pendent Bpedee,  which,  isomorphously  conuningled,  form  the  vari- 
able melilite.  This  view  ia  plausible,  bat  not  universally  accepted. 
Furthermore,  although  meliUte  is  a  pyrogenic  mineral  characteristic 
of  certain  eruptive  rocks,  natural  gehlenite  has  been  found  only  as  a 
product  of  contact  metamoiphism  in  limestones.  If  gehlenite  were 
a  constituent  of  mehlite,  we  should  expect  to  find  igneous  rot^  in 
which  it  appeared  as  an  essential  component,  or  at  least  as  a  con- 
spicuous accessory.  A  more  probable  interpretation  of  melilite  and 
gehlenite  treats  them  as  intermediate  mixtures  of  silicates  analogous 
to  the  pla^ociase  feldspars.  One  of  these  silicates,  AljCaaSiOr,  has 
been  prepared  synthetically  by  E.  S.  Shepherd  and  G.  A.  Bao^  in 
the  Geophysical  Laboratory  of  the  Came^  Institution.  It  ia 
easily  formed  by  direct  fusion  of  a  mixture  of  its  component  oxides. 
The  other  silicate,  AliCa,(SiO(),  is  not  known  by  itself,  but  is  approxi- 
mated by  some  artifiual  gehlenites.  It  is  nearly  related  in  structure 
to  minerals  of  the  garnet  and  scapolite  groups.* 

Both  meliUte  and  gehlenite  are  common  minerals  in  slags,*  and  both 
have  been  prepared  synthetically.  An  artificial  melilite  basalt  was 
prepared  by  J.  Morozewicz,'  and  the  mineral  was  also  found  by 
Fouqu6  and  lAvy  *  among  the  constituraits  of  some  of  their  sjnithetic 
rocks.  In  Morozewicz's  preparation  the  melilite  was  accompanied 
by  augite,  {^agioclase,  olivine,  corundum,  and  spinel.  Melilite  and 
f^dspar  were  the  last  silicates  to  crystallize  from  the  magma.  F. 
Fouqu^'  has  shown  that  melilite  is  formed  when  an  augite  andesite 
or  a  basalt  is  fused  with  lime,  "and  he  gives  analyses  of  two  products 
thus  obtained.  G.  Bodl&nder*  found  melilite  in  a  sample  of  Portland 
cemmt;  but  according  to  Vogt '  the  mineral  was  not  pure.  L.  Bour- 
geois" prepared  melilite  by  direct  fusion  of  silica,  lime,  alumina,  and 
certain  other  oxides  commingled  in  proper  proportions,  but  could 
not  obtain  the  calcium  alumosilicate  alone.     The  presence  of  iron, 

I  HliMalaglB  VMUvbna,  p.  ISt. 

•MtnmillinilniiirlnnnhTiirtnniMinl.imn.rp  Iffl  ITtI  BMaI>aa.BadIbMl<r,N«uaJ«l]ib.,Bindl,I9>S, 
p.  IS;  tnA  7,  Voaqat,  Bull.  Boo.  mtn.,  -ml.  3t,  ISOO,  p.  10.  Alao  *  more  rmxmc  dtoonnknt  b;  Vop,  Die 
BDItandiiiMUOMtiWMl,  pt.  1,1103,  p.  M.  F.  Zainboiifal<Z>i[tH}ii.  Kfit.  Uln.,  nil.  41,  ISM,  p.  3X) 
bM  adTumd  ptrong  atgnmmta  BgaW  Vogt^  hyinthMh. 

•  8«a  F.  W.  ClBAa,  BnlL  V.  B.  0«id.  Bamy  No.  fiSB,  1914,  pp,  31-34. 

•  Bet  T..  BoOiBBots,  BvpiodDOtlcai  sitiacUIa  dee  mtDftBUX,  p.  123.  1.  H.  L.  Vogt,  UtranlbllduDg  Id 
BchTndmwwn,  1W3.  7.  Fooqad,  Bnn.  Boo.  aia.,  vol.  fl,  isse,  p.  igT.  P.  Hebanlg;,  Z«ttinhr.  Stji%. 
Uia.,  vi.  36,  UM,  p.  IS.    I.  B.  DOIeT,  Am.  Jour.  BcL,  3d  ser.,  ToL  31,  ISN,  p.  330. 

•  Ubi.  pet.  Ifttt.,  nd.  IS,  1898,  p.  181. 

•  Bon.  Soo.  mln.,  tOL  3, 1S79,  p.  IIK. 
T  Idem,  vd.  S3, 1900,  p.  la 

•  Nenes  Jahrb.,  Bud  1,  IHO,  p.  SI. 

•  Idem,  Bind  1,  I8B2,  p.  73. 

■  AawlM  Aim.  phr*-.  Sth  M.,  id.  Jt,  1883,  p.  4S0. 


.y  Google 


400  THE  DATA  OF  GEOCHEMISTRY. 

magnesia,  or  manganese  was  esBential  to  a  successful  syuUieBiB.  Soda 
also  is  probably  essential;  at  all  events,  melilite  forms  more  readily 
when  soda  is  present.  All  natural  melilite  contains  soda.  C.  Doelt«ir 
and  E.  Hussak  *  found  melilite  among  tbe  fusion  products  of  garnet 
and  Tesuviamte,  and  Doelter '  reports  it  also  as  formed  wtien  tourma- 
line is  fused  with  calcium  chloride  aud  sodium  fluoride.  The  synthesis 
of  gehlenite  was  effected  by  L.  Boui^eois,'  who  simply  fused  the  con- 
stitufint  oxides  together  in  the  proportions  indicated  by  the  formula 
of  the  speciee. 

MeliUt«  is  a  mineral  found  only  in  the  younger  eruptires;  never 
in  the  plutonic  rocks  or  OTstalline  schists.  It  is  frequently  assodated 
with  nephelite  or  leutate,  and  sometimes  takes  the  place  of  feldspar. 
Pero&kite  is  one  of  its  most  constant  companions.  Its  origin  is 
always  pyrogenic*  Its  most  remarkable  occurrence  is  in  the  Uncom- 
pahgre  quadrangle,  Colorado,  where  it  forma  about  two-thirds  of  a 
rock  which  contains  also  pyroxene,  magnetite,  perofskite,  and  apatite, 
with  other  minor  accessories.  The  melilite  is  enormously  developed, 
aud  cleavages  a  foot  across  are  not  rare.' 

Alterations  of  melilite  seem  to  have  been  little  studied.  A.  Cath- 
rein  *  has  described  pseudomorphs  of  pyroxene  (fassaite)  and  gros- 
sulaiite  after  gehlenite.  By  heating  gehlenite  with  a  solution  of 
potassium  carbonate  to  200°,  J.  Lembei^'  obtained  calcium  carbonate 
and  an  amorphous  product  having  the  composition  of  a  potassium 
mica.  A  fibrous,  zeohtic  alteration  of  the  Uncompabgre  melilite, 
cevoUite,  has  been  described  by  E.  S.  Larsea  and  W.  T.  SchaUer.* 

.    THE    OABNETS. 

OrosauUmte. — ^Isometric.  Composition,  CagAIiSigO,,.  Kolecular 
weight,  451.7.  Specific  gravity,  3.5.  Molecular  volume,  129,  Color, 
white,  yellow,  brown,  and  sometimes  pale  green  or  rose-red.  The  col- 
oration is  due  to  impurities. 

Pyrope. — Isometric.  Composition,  MgjAljSi,0,,.  Molecular  weight, 
404.6.  Specific  gravity,  3.7.  Molecular  volume,  109.4.  Color,  deep 
red  to  nearly  black. 

Almandite. — Isometric.  Composition,  FejAl,SijO,j.  Molecular 
weight,  499.1.  Specific  gravity,  3.9  to  4.2,  Molecular  volume,  118. 
Color,  red  to  brown  and  black.     Pyrope  and  almandite  shade  one  into 

■  Seaea  Tahrb.,  lS84,Bnid  1,  p.  IW. 
<  Idem,  1807,  BtoKl  1,  p.  1. 

>  Aiuule(iohlni.pli;s.,  SthseT.,mLa9, 1883,  p.  148. 

*  For  data  upon  rndBlle  nclo  see  A.  E.  TomebUun,  Oeol.  FGren.  FOrliSDdL,  toL  6,  U8I>p.  MO.  A. 
Btdam,  NeacBlahrb.,  Ben.  Band2,l£S3,  p.  see.  F.  D.  Adams,  Am.  Jour.  BcL.Mnr.,  vt^«S,un,p. 
369.    C.H.BnQili,Ideni,VDl.  Id,  18a3,p.  IM.    The  last  two  relSieiiOBS  deal  with  Amerkui  ocoDHMHe*. 

>  Bee  E.  a.  LUM)  nnd  J.  F.  nustar.  Jam.  Watihbigtoa  Acad.  BoL,  toL  4,  ISU,  p.  41). 

•  Uin.  pet.  UltC,  voL  8,  IggT,  p.  400. 

'Zeltscbi.  Deul£Cb.  geol.  Qe90ll.,vid.44, 1g»2,p.  237. 
•Join.  Woshlngtoii  Acad.  Bel.,  toL  4,  ISU, p.  ISO. 
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the  other  through  Tarying  mixtures  of  the  iroa  and  m&gneBimn  com- 
pounds. 

SpeaaartJie. — ^Isometric.  Composition,  MD(Al,SijOi,.  Molecular 
weight,  496.4.  Specific  gravity,  4.2,  Molecular  volume,  118.  Color, 
red  to  brown. 

Andradiie,  melanite,  or  common  ganut. — Isometric.  Composition, 
Ca,Fe"',Si,0„.  Molecular  weight,  509.3.  Specific  gravity,  3.85. 
Molecular  volume,  168.2.    Color,  green,  yellow,  brown,  or  black. 

Uvaroviie. — Isometric.  Composition,  Ca,Cr,Si,0,,,  Molecular 
wraght,  501.7.  Specific  gravity,  3.5.  Molecular  volume,  143.  Color, 
emerald-green. 

The  forgoing  six  species,  with  their  many  isomorphous  mixtures, 
form  the  important  garnet  group.  With  them  may  be  included  the 
rare  mineral  schorlomite,  which  contains  titanium  partly  replacing 
silicon  and  ferric  iron.  Its  formula  ja  Ca,(Fe,Ti"')j(SiTi"),0,,.' 
The  sodium  garnet  lagoriolite,  Na^jSi,0,„  which  was  obtained  by 
J.  Morozewicz'  from  some  of  his  artificial  magmas,  also  belongs  here. 
Ita  existence  accounts  for  the  small  amounts  of  alkalies  which  appear 
in  some  analyses  of  grossularite,  although  they  may  be  due  in  part  to 
inclusions.  Garnets  are  peculiarly  prone  to  carry  other  species  as 
intdosures  within  their  crystals.  Some  garnets  are  hardly  more  than 
shells  enveloping  other  species.' 

Although  garnet  is  undoubtedly  a  pyrt^euio  mineral,  ite  syntliesis 
is  attended  by  considerable  difficulties.  When  fused  by  itself  garnet 
breaks  up  into  other  compounds.  C.  Doelter  and  E.  Hussak,*  upon 
fusii^  garnets  alone,  obtained  meionite,  meUlite,  anorthite,  lime 
oUvine,  a  calcium  nepheUte  (f),  hematite,  and  spinel,  the  products 
varyiDg  with  the  composition  of  the  origiual  mineraL  By  fusing 
grossularite  with  sodium  and  m^neeium  fluorides,  Doelter'  obtained 
biotite,  anorthite,  meiouite,  oUvine,  and  magnetite.  L.  Bourgeois,* 
from  the  fusion  of  a  mixture  equivalent  to  grossularite,  obtained 
anorthite  and  montioeUite;  and  J.  H.  L.  Vogt'  reports  anortbite  as 
formed  under  HimiluT  conditions.  When  m^nosia,  oxide  of  manga- 
nese, or  iron  oxide  was  added  to  Vogt's  mixture,  melilite  was  also 
produced.  The  syntheses  of  garnet  reported  by  several  early  inves- 
tigators '  are  of  doubtful  authenticity. 

I  B.  fialtmum  <Zellaiihr.  Ktjtt  Uln.,  ml.  IS,  1891,  p.  S3g)  bat  duolbed  a  mduilte  gunat  conlaliiliig 
U.Ol  per  oeot  ol  TiOi,  whkb  ihonld  prabablr  be  partly  reduced  to  TiiOt. 
■  Utn.  pot.  Ultt.,  ToL  18, 1898,  p.  147. 

•  ForijMeiiiitlis  papara  od  tba  guatt  gnnp  ne  W.  C.  BrSggsc  and  B.  BtdobOm,  ZeUschr.Kryit  Uln., 
vol.  IS,  IWl,  p.  X»i  E.  WslnaAeak,  Idem,  ml.  2G,  1896,  p.  3S^  H.  E.  Boeke,  ld«m,  vol.  63, 1813,  p.  140; 
«Dd7.  indlg,VaAuidtNatiithlst.VsralDpreuss.  Hhelolandeu.  WestblBDS,  vtd.ST,  mi,  p.  307.  UMlg 
gtrw  maiir  BDaljsBa. 

•  HaDM  lafarb.,  U84,  Band  1,  p.  US. 
*Id«m,U»T,B*iidI,p.l. 

I  Amnln  difm.  phys.,  Gth  it.,  vol. »,  1883,  p.  458. 
T  UfeunlbOdung  bi  SohDMlimaeim,  1892,  p.  IS7. 

•  Sw  Foaqnd  and  L4t7,  Syntbim  dM  iDlnenui:  et  dn  roobM,  p.  laa. 

97270"— Bull.  ei6— 16 28 
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Bom^eois,  however,  in  the  research  just  cited,  prepared  spessartite 
by  fiising  together  its  constituent  oxides  in  the  proper  proportioDS. 
A.  Goi^eu '  also  obtained  spessartite  when  pipe  day  was  fused  witii 
an  excess  of  manganeee  chloride.  A  similar  fuaioii  with  caldma 
chloride  gave,  with  other  products,  crystals  which  were  possibly 
grossularite.  Fouqu6  and  L^vy^  report  melanite  as  formed  wh^i 
ncphelite  and  pyroxene  are  fused  together.  L.  Michel  *  produced 
melanite  and  sphene  by  heating  a  mixture  of  ilmenit«,  sihca,  and  cal- 
<auni  sulphide  to  1,200°.  In  this  case  the  artificial  melanite  was  ver- 
ified by  analysis.  E.  S.  Shepherd  and  G.  A.  Kankin*  mention,  but 
without  details,  tho  formation  of  grossularite  by  the  action  of  alu- 
minum chloride  upon  calcium  orthosUicato  xmder  pressure. 

Apparently  pyrogenic  garnet  can  be  produced  only  during  a  limited 
range  of  temperatures,  and  the  success  of  an  attempted  syntheeia 
depends  upon  securing  the  exact  conditions.  Pressure,  also,  may 
exert  some  influence  upon  the  process.' 

Garnet,  especially  andradite,  is  an  exceedingly  conunon  mineral, 
and  is  found  as  an  accessory  in  a  great  variety  of  rocks.  Grossular- 
ite is  found  principally  in  crystalline  limestones,  where  it  has  been 
developed  by  contact  metamOTphism.  Almandite  and  andradite  are 
common  in  granitic  rocks,  gneisses,  etc.  Andradite  also  occurs  as  an 
accessory  mineral  in  suhsihcic  eniptivcs,  especially  in  leuoite  and 
nephelite  rocks.  It  is  also  found  in  serpentines,  in  iron  ore  beds,  and 
as  a  product  of  contact  action,  associated  with  wollastonite  and 
pyroxene,  in  certain  volcanic  rocks.  Pyrope  is  often  found  in  perido- 
titcs  and  the  serpentines  derived  from  them,  Spessartite  occurs  in 
granite,  quartzite,  and  some  schists.  W.  Cross  ■  has  reported  it  from 
lithophyses  in  rhyolite.  Garnets  are  also  abundant  in  many  crystal- 
lino  schists,  such  as  garnet  rock,  garnet  amphibolite,  garnet  homfeb, 
gametr-mioa  schist,  etc.  Eclogite  is  a  rock  in  which  garnet  and  a 
green  pyroxene  are  the  principal  minerals. 

Alterations  of  garnet  are  exceedingly  common.  A.  Cathrein,' 
describing  the  rocks  of  a  single  region,  reports  pseudomorphs  after 
garnet  of  scapolitc,  epidote,  oligoclase,  hornblende,  saussuritc,  and 
chlorite.  Chloritic  pseudomorphs  arc  perhaps  the  most  frequent.* 
The  pyrope  foimd  in  peridotitc  rocks  is  often  surrotmded  by  a  zone 
or  shell  of  altered  material,  to  whicli  A.  Schrauf  •  has  given  the 

I  Aimalcs  chlm,  pbrs.,  etb  wc.,  vol.  4,  IXSS,  pp.53e,  U3. 

•  Compt.  Bond.,  Tol.  87, 1S7S,  p.  963. 

•  Idran,  vol.  lis,  IWl,  p.  330. 

•  Am.  Joui.  ScL,  4lh  w.,  vol.  »,  1909,  p.  309. 

(SmL.  L.  Fsmor  (Rk.  0«o1.  Survey  India,  vol.  43,  pt.  1, 1S13,  p.  <l,  and  Jour.  Aflatia  Boo.  Bm^ 
vol.N,  1B13,  p.  315)  on  Uie  probable  fomutlon  ot  gnnut  at  KTeat  depthg. 

•  Am.  Joui.  Bel.,  3d  BV.,  vol.  31,  18M,  p.  433. 
)  Zoitschi.  Krjia.  UlD.,  vol.  10, 1HS5,  p.  433. 

•  Ste  for  example  I.  Lembarg,  Zailsahr.  Doitsch.  g«al.  Gwall.,  vol.  »,  1S7S,  p.  6S1,  anl  8.  L.  PinlWd 
■Dd  F.  L.  BpOTT,  Am.  Jour.  BcL,  3d  M.,  vol.  33, 138a,  p.  307. 

•  Zelucbr.  Ktyn.  Mln.,  vol.  6,  IB82,  p.  J58. 
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name  kelyphite.  It  is,  however,  not  a  substance  of  uniform  com- 
poEdtion.  The  kelyphite  studied  by  A.  von  Lasaulx '  was  mainly 
a  mixture  of  pyroxenes  and  amphibolee.  J.  Mrha  *  deecribed  a 
kelyphite  consistLng  of  bronzite,  monoolinic  pyroxene,  picotite,  and 
hornblende.  The  pyrope  from  the  peridotite  dikes  of  EUiott 
County,  Kentucky,  described  by  J,  S.  Diller,'  was  surrounded  by 
a  Bunilar  shell  made  up  of  biotite  and  magnetite,  with  a  little  pico- 
tite. Biotite  is  not  au  uncommon  derivative  of  the  magnemau  gar- 
nets. Garnet  itself  appears  occasionally  as  an  alteration  product 
of  other  minerals.  P.  Jerem^*  has  recorded  pseudomorphs  of 
grosaularite  after  vesuvianite;  and  grossularite  after  gehlenite  was 
observed  by  A.  Cathrein.' 

VB9IJVIANITB. 

Tetragonal.  Composition  variable,  and  best  represented  by  the 
general  formula  AljCa,Si,OMR'j ;  in  which  R',  may  be  Ca,,  (AlOH),, 
(AlO^)^,  or  Hf  Some  replacements  of  magnesium  and  iron  are 
usually  present;  a  little  fluorine  may  be  substituted  for  hydroxyl,  and 
in  the  variety  wiluite  there  is  a  small  amount  of  boric  oxide.*  Specific 
gravity,  3.35  to  3.45.  Hardness,  6.5.  Color,  brown  or  green,  some- 
times yellow  or  pale  blue.  A  massive  variety  of  vesuvianite  resem- 
bling jade  has  been  called  califomite. 

Vesuvianite  has  not  yet  been  prepared  synthetically.  It  is  known 
chiefly  as  a  product  of  contact  metamorphism  in  limestones,  asso- 
<dated  with  pyroxene,  scapohte,  garnet,  wollastonite,  and  epidote. 
It  is  also  found  in  some  serpentines,  chlorite  schist,  gneiss,  etc. 
I^udomorphs  of  grossularite  after  vesuvianite  have  heem  reported 
by  P.  Jerem^ef.^  When  vesuvianite  is  fused,  it  breaks  up  into 
meionite,  meUhte,  anorthite,  and  possibly  a  lime  olivine.' 

THE   SCAFOLITBS. 

Meioniie.  —  Tetragonal.  Composition,  Ca^Al^SiflO^.  Molecular 
weight,  8&3.4.  Specific  gravity,  2.72.  Molecular  volume,  328.4. 
Colorless  or  white.    Hardness,  5.5  to  6. 

Maridlite. — Tetr^onal.  Composition,  Na,A1,Si,0^Cl.  Molecular 
weight,  848.4.  Specific  gravity,  2.57.  Molecular  volume,  330.1. 
Colorless  or  white.     Hardness,  5.5  to  6. 

1  VvhsDdl.  NaturHtat.  Vsr.  preuss.  Rbtinlaiide  u.  Wssttalans,  vol.  39,  pt.  3, 1883,  p.  114. 

•  lUn.  pH.  Ultt.,  TOL  19, 1899,  p.  UL 

•  BuU.  U.  8.  a«al.  Burvsy  No.  38, 18BT. 

<  ZtlCacbr.  Errat.  UbL,  tiJ.  31, 1899,  p.  606. 

•  Uln.  paL  Ultt.,  vd.  S,  ISST,  p.  400. 

•  S«eF.  W.  CtarkeandO.  Stdgw,  Buau.  S.  Oeol.  SurvB;No.2a2,  laOG.  FiK  ottw  mtspratsUooB  ot 
T«uvl«ii!l«  ng  P.  fumuch  and  P.  WiingBrten,  Zettaaiii.  annrg.  Cbsmle,  vot.  B,  1S9S,  p.  3M;  U.  Walbull, 
Zellacht.  Kryat,  Uln.,  vol.  3S,  1893,  p.  1 ;  A.  Kwmgott,  Kaius  Johrb.,  Band  1, 1891,  p.  200;  H.  SJfifnn,  OmI. 
TSaa.  FGibandl.,  voa.  17, 189S,  p.  307. 

'  Ztlttabi.  Eryrt.  Uln.,  vd.  31, 1899,  p.  S06. 

■C.  DoellwandE.  HuMBk,  NiiiMJ>liib.,18M,  Uuiiil  1,  p.  IM. 
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These  two  species,  with  tbeir  isomoiphoiis  mixtares,  form  the 
scapolite  group  as  interpreted  by  G.  Tschermak.*  Inteimediate 
between  them,  and  analogous  to  the  plagioclaee  feldsp&rs  lying 
between  anorthite  and  albite,  are  the  following  scapolitee,  which  have 
receiT'ed  independent  names: 

Wemeiite UciUaj  toUei^^ 

MiEZODite  or  dipyre UeiUa,  to  Me,Ha, 

The  reported  syntheses  of  scapoUte  are  not  altogether  conduaive. 
L.  Bourgeois '  attempted  to  prepare  meionite  by  fusing  together  its 
constituent  oxides,  and  obtained  principally  anorthite.  By  adding 
fragments  of  marble  to  a  molten  basaltic  glass,  however,  he  observed 
in  one  case  the  formation  of  crystals  which  were  probably  meionita 
By  fusing  a  leucitite  with  the  fluorides  of  sodium  and  cal<sum,  K.  B, 
Schmutz '  obtained  an  artificial  rock  containing  scapolite;  and  a 
umilar  experiment  with  eclo^te  also  jdelded  the  mineral,  llie  same 
procedure  with  epidote  and  fluorides  gave  C.  Doelter  *  a  product  in 
which  meionite  was  recognized.  Doelter  also  reports  the  synthesis 
of  meionite  by  fusion  of  the  mixed  oxides,  lime,  sihca,  and  alumina; 
and  by  fusion  of  a  silicate,  CaAljSijP,,  with  sodium  chloride.  BBs 
attempts  to  prepare  mariaUte  failed.  E.  S.  Shepherd  and  G.  A. 
Rankin  *  obtained  meionite  by  heating  a  glass  of  that  composition 
with  a  solution  of  sodium  chloride  in  a  bomb.  They  pve  no  details, 
however. 

The  scapolite  occur  prindpaUy  in  the  crystalline  schists,  gndsses, 
amphibolites,  and  metamorphosed  limestones.  They  are  commonly 
products  of  metamorphic  contact  action  and  appear  to  be,  as  their 
composition  would  indicate,  derived  from  plagiodase  feldspar.  They 
have  been  found  as  secondary  minerab  in  various  eruptive  rocks.* 
In  Korway  scapolite  rocks  are  associated  with  masses  of  apatite 
especially  at  Oedegaarden.  In  this  instance  J.  W.  Judd '  has  b-aced 
t^e  development  of  the  scapoUte  from  pl^oclase,  and  has  ascribed 
the  transformation  partly  to  the  action  of  sodium  chloride  solutions 
contained  in  cavities  of  the  rock,  and  partly  to  powerful  mechanical 
A.  Lacroix,'  however,  regards  the  change  as  due  to  contact 


1  Ulu.  pat.  Mitt,  TOL  7,  p.  40O,  ISSS;  UonaUh.  Chemk 
oautltutJooal  fmnulEe  In  Bull.  U.  B.  Oeol.  Suivey  No.  5 
K.  Aksd.  Win.  Who,  1810,  Abth,  l,p.  118.  A  scapoUle  oontaJntn);  ths  Butph&U  ndiolc  SOi  bw  noKiUr 
bagn  dcaorlbsd  b7  K.  Bthub,  N«aa  Jihrb.,  BaU.  Bani!  3S,  IBU,  p.  131.  It  !■  nmud  illTlilH*.  Ate 
■MpoUte  iimifhiin^  mbooale  gronpc  b^  !>.  H.  BcrEstrflm,  Zcltaobr.  ErTit  Ufn.,  voL  H,  Ull,  p.  3H. 

■  AoDBka  Aim.  pbTi.,  Sth  >er.,  vol.  M,  1883.  pp.  MS,  4T3. 

■  Mwcs  lahrb,,  1807,  vol.  2,  pp.  133,  I4B. 


•  Am.  JooT.  ScL,  Kh  acr.,  toL  38,  p.  300,  IWe. 

•6m  F.  ZIrkal,  Lehibuoh  da  Febogr^diJe,  vol.  1,  ISM,  p.  382.    W.  Balooun,  Wn.  pM.  Vttt.,  v^  U, 
JK,  p.  US,  ftva  B  imd  blbUegnphy  relatlTs  to  dipyn. 
f  Ubianlog.  Uig.,  toL  8, 1880,  p.  18S. 

•  Bull.  Soi.  iiiln.,TiiL14,U«l,  p.la.    In  ToL  13,  ISSS,  p.  8},  Laorotx  hu  an  dab 
cnpoUte  iroks. 
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action  between  the  rock  and  the  apatite,  although  in  other  locaHtdes 
Bohitions  of  (Morides  appear  to  be  operative.  Mechanical  agencies 
are  conaidered  by  Lacroix  to  be  unimportant.  At  the  Oed^aarden 
locality,  wMch  has  been  studied  by  several  authorities,  a  granitic 
mixture  of  pyroxene  and  feldspar  has  been  transformed  into  au 
aggregate  of  hornblende  and  acapolite.  By  fusion  Fouqu6  and  Lfivy ' 
toansformed  it  bock  again  into  pyroxene  and  labradorite.  A  Canadian 
Bcapolite  diorite  has  been  described  by  F.  D.  Adams  and  A.  C.  Lairson,* 
and  H.  Lenk  *  has  studied  an  augite-scapolite  rock  from  Mexico. 

The  Bcapolitea  are  exceedingly  alterable,  and  most  so  toward  the 
sodium  or  marialite  end  of  the  series.  Many  of  the  alteration  prod- 
ucts have  been  regarded  as  distinct  spedes  and  have  received  inde- 
pendent names.  Pseudomorphs  of  mica,oftenin  the  form  of  "pinite," 
after  scapolite  are  very  common.  Alterations  into  epidote,  steatite, 
kaolin,  and  free  silica  are  also  recorded.  A.  Cathrein  *  has  reported 
pseudomorj^  of  scapolite  after  garnet. 


Idtiteormrdierite. — Orthorbombic.  Formula,*  I^(]>^,Fe)tAl^i„0,T. 
Itblecular  weight  and  volume  variable  on  account  of  variations  be- 
tween Mg  and  Fe.  Specific  gravity,  2.60  to  2.66.  Color,  blue, 
often  smoky  or  grayish.     Hardness,  7  to  7.6. 

A  poBsible  synthesis  of  iolite  was  reported  by  L.  Bourgeois,*  who 
fused  silica,  magnesia,  and  alumina  together  in  proper  proportions. 
J.  MoTozewicz  ^  also  obtained  it  in  his  experiments  upon  artificial 
magmas,  supersaturated  with  alumina,  of  ihe  general  formula 
RO.niAJiiO,.nSiOi.  When  magnesia  and  iron  were  present  and  n 
was  greater  than  6,  iolite  was  formed.  In  short,  he  produced  an  arti- 
ficial cordierite-vitrophyrite,  resembling  the  African  rock  desoibed 
by  G.  A.  F.  Molengraaf .'  These  syntheses,  however,  were  made  with 
anhydrous  materials;  and  the  product  could  not  have  been  identical 
with  ihe  iolite  of  natural  occurrences.  All  the  trustworthy  analyses 
of  the  mineral  show  that  water  is  one  of  its  essential  constituents. 

Iolite  ia  found  in  nature  in  a  great  variety  of  ro(^,  including  both 
metamorphic  roc^  and  eruptives.  It  has  been  reported  in  granite, 
quartz  porphyry,  basalt,  quartz  trachyte,  biotite  dacite,  and  andesite; 

>  Bun.  Boa.  mlo.,  voL  3,  W9,  p.  113. 

■  OHMdta  Bm.  BeL,\it.  a,  igw,  p.  ISO. 

*NkM  Jidrt.,UW,  Bud  1,  nL  13. 

<  Z«lbckr.  EiTtt.  Ufa.,  TOL  g,  US4,  p.  t78;  vol.  10, 138!,  p.  4U. 

*Foiiiu]hbindapoDO.C.Furliigt(Ui'Baiulysla,Am.;our.BcL,Sdnr,,VDL41,lSS9,p.I3.  ICWtdbnll 
(aaoLriIiBL7Srb«tdL,Tol.I3,  l«0O,  p.  S3}  ragwda  the  mbiaral  m  ■nhrdnoi,  and  mltae  tha  ftsmala 
K»AVA10)rfU.0u. 

•  AipmIm  chlm.  pbys.,  SIh  sn.,  vol.  39,  Ig§3,  p.  4S3. 

'  UiL  p«t  llltt.,  Tol.  18, 18SS,  pp.  SS,  1S7.    Bet  ante,  p.  33S,  omtol  "Conmdum." 

•  Kkm  Mub.,  Buid  1, 18M,  p.  n. 
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and  seems  to  be  a  primary  separation  from  the  magmas.*  In  order 
of  deposition  it  follows  biotite,  but  precedes  the  feldspars.  In  cor- 
dierite  gneiss  and  cordierite  homfels  iolite  is  a  characteristic  con- 
stituent. The  gneiss  from  Connecticut  described  by  E.  O.  Hovey  * 
consisted  mainly  of  biotite,  quartz,  and  iolite,  with  some  plagioclase. 
Iolite  is  also  well  known  as  a  product  of  contact  metamorphism.  For 
example,  Slicking '  found  it  in  sandstones  which  had  been  vitrified 
by  contact  with  basalt;  and  Kikuchi  *  has  described  a  Japanese 
locality  where  iolite  occurs  in  slate  at  contact  with  granite. 

Iolite  alters  with  great  ease,  taking  up  water  and  alkalies.  The 
product  is  usually  an  impure  mica,  and  many  pseudomorphs  of  this 
character  have  received  distinctive  names.  Chlorophyllite,  praseolite, 
aspasiolite,  gigantolite,  faUunite,  pinite,  etc.,  are  merely  altered 
ioUte.* 

THE  ZOI8ITE   GROUP. 

ZoiaUe. — Orthorhombic*  Composition,  HCa,Al^ijO,,.  Molecular 
weight,  465.9.  Specific  gravity,  3.25  to  3.37.  Molecular  volume,  13S. 
Color,  white,  gray,  greenish,  yellowish,  reddish.    Hardness,  6  to  6.5. 

Epidote. — ^Moaoclinic.  Composition  like  zoisite,  but  with  varying 
replacements  of  Al  by  Fe.  The  variety  with  little  or  no  iron  has 
been  called  clinozoisite.  Specific  gravity,  3.25  to  3.5.  Color,  com- 
monly green,  yellowish  or  brownish  green,  to  black,  sometimes  red, 
yellow,  or  gray;  rarely  colorless.    Hardness,  6  to  7. 

PiedmoJiHte. — ^Monoclinic,  Composition  like  epidote,  but  with  Mn 
replacing  some  Al  and  Fe.  Specific  gravity,  3.4.  Color,  reddish 
brown  to  black.    Hardness,  6.6. 

AManiie  or  orihite. — ^Monoclinic.  Composition  like  epidote,  but 
with  cerium  earths  partly  replacing  alumina  and  iron.  Specific  grav- 
ity, 3.5  to  4.2.    Color,  brown  to  black.     Hardness,  5.5  to  6. 

The  reported  syntheses  of  zoisite  and  epidote  are  questionable,  for 
the  products  seem  to  have  contained  no  water.  A.  Brun '  claimed  to 
have  produced  zoisite  by  fusing  40  parts  of  silica  with  37  of  lime 
and  23  of  alumina.  C.  Doelter,^  upon  fusing  epidote  powder  with 
the  fluorides  of  sodiimi  and  calcium,  obtained  indications  of  some 
recrystallization  of  the  epidote,  together  with  garnet,  meionite,  anor- 

'  B«a  n.  BOcldiig,  B«i.  BenckanbeiglsoheD  natuFfoisch.  0«sb11.,  Abhsodl.,  IMO,  p.  3;  I.  SnM,  NaoM 
Ikbcb.,  BaU.  Band  1,  ISSl,  p.  SOSi  E.  EuastJc,  SlUumsb.  K.  Aknd.  Wlu.  Wtoo,  voL  S7,  Abth.  1,  i8Sa,p.3tt 
Nmm  Jabfb.,  18SE,  Bmd  2,  p.  SI;  A.  Harkat,  Oflol.  tfag.,  IBOe,  p.  176. 

•  Am.  loni.  BoL,  3d  Bar.,  vol.  36,  XSSS,  p.  ST. 
•Loo.clt. 

•  Jam.  CoU.  ScL  lapaa,  toL  3,  ISM,  p.  313.  Klknolil  alao  describea  an  allantlon  of  the  Iolite  Into  plnlto. 
t  got  »  nuanazj  oltbtee  aUanUaaa  aa»  A.  Wlduaaim,  Zaitschr.  Deutsch.  geoL  Oceall.,  vaLX,lS74, 

p.  673.  For  the  mecliaaiani  of  tbaoban^Irom  Iolite  to  oUorophylllte  see  F.  W.  Clarke,  Bidl.  V.  B.  OaoL 
Simre;  No.  £83, 1914,  p.  TV. 

•ForDptk»lTariMi(>ngtnB>Mte,»eP.Taniiler,BitII.S(>c.niln.,Tal.31,I8m,p.I48;ToLZ3,  IMO.p.SO. 
Termler  n^^ds  the  sUbals  nCaiR"'iSl)0,i  as  trhDorphous. 

'  Arch,  sci.  phys.  Dat.,  3d  sec.,  vol.  25,  I§9I,  p.  230. 

•  Neiua  Jahib.,  IMT,  Band  1.  p.  1. 


^d  by  Google 


BOCK-FOBMING   MINERALS.  407 

thite,  olivine,  and  magnetite.  Epidote  fused  alone  gave  anorthite 
and  a  lime  augite.  Satisfactory  syntheses  of  tihe  minerals  forming 
this  group  are  yet  to  be  made. 

Zoisite  is  essentitJly  a  mineral  of  the  crystalline  schists,  such  as 
amphibolite,  glaucophane  schist,  eclogite,  etc.  It  is  also  found  in 
some  granites  and  in  beds  of  sulphide  ores.  A  secondary  zoisite, 
derived  from  plagioclase  and  commonly  containing  both  minerals 
commingled,  is  known  as  aaussurite  and  is  common  in  gabbros.*  It 
is  not  at  all  tmif  onu  in  composition. 

Epidote,  like  zoisite,  is  a  mineral  of  tiie  crystalline  schiste,  altliough 
C.  S.  Keyes'  has  cited  evidence  to  show  that  it  is  a  primary  mineral 
in  certain  granites  of  Maryland.  It  is  there  intei^;rown  witJi  allanite 
and  was  also  observed  indosed  in  primary  sphene.  A.  Michel-LSvy ' 
also  r^ards  the  epidote  of  certain  Fyrenean  ophites  as  primary. 
It  is  also  found,  according  to  B.  S.  Butlar,*  in  dikes  cutting  soda 
granite  porphyry  in  Shasta  County,  California.  There  are  many 
other  examples  on  record. 

Epidote  is  common  in  gneisses,  garnet  rock,  amphibolite,  parag- 
onite  and  glaucophane  schists,  and  the  phyllites,  and  as  a  contact 
mineral  in  limestones.  It  is  also  conmion  as  a  secondary  mineral, 
derived  from  feldspars,  pyroxene,  amphibole,  biotite,  scapolite,  and 
garnet,  and  is  frequently  associated  with  chlorite.  When  lime-bear- 
ing ferromagnesian  minerals  chloritize  their  lime  goes  to  the  produc- 
tion of  epidote.  An  epidote-quartz  rock  derived  from  diabase  has 
been  called  epidosyte.* 

Piedmontite  is  much  less  abundant  than  zoisite  or  epidote  and  is 
mainly  confined  to  the  crystalline  schists.  It  also  occurs  with  iron  oree 
and  as  a  secondary  mineral  in  eruptives.  G.  H.  WiUiams  *  has  re- 
ported piedmontite  in  a  rhyolite  from  Pennsylvania  and  N.  Yamasaki^ 
has  described  a  similar  occurrence  in  Japan.  Piedmontite  is  quite  com- 
mon in  the  crystalline  schists  of  Japan,'  forming  a  piedmontite  schist, 
and  also  associated  with  rocks  containing  chlorite  or  glaucophane. 

Allanite  is  widoly  diffused  as  a  primary  accessory  in  many  igneous 
rocks.  J.  P.  Iddings  and  W.  Cross,'  who  have  pointed  out  its 
importance,  cite  occurrences  of  allanite  in  gneiss,  granite,  quartz 

■  >  Alnliith«En«i9lonaattlHLB]ce3uperlarn 
03,  iRflo,  when  tha  toneeai  of  aauanirlCliBtlon  li 
IltcmCun  Ditbt  subJ«ol. 
>  Bull.  Oeol.  Sac.  Amerioa,  vol.  i,  1SB3,  p.  3Dfi. 

■  Bull.  Boa.gtol.  Fruu»,  3dMr.,  vol.  S,  p.  ISl. 

•  Am.jDui.  Sc[.,1thMr.,vol.  lS,19ro,p.  IT.    Balkr  itiTM  many  re 

■  For  ■  dtacmglan  of  Uib  alttratlon,  with  itlenaces  to  llt«raturo, 
ISM.    WnUuH,  In  Bull.  U.  B.  OaoL  Survsr  N'o.  62,  1X90,  also  discuses  the  procws  of  epMotliatlm 
wlMtfullr. 

•  Am.  Joor  8oL,  3d  scr.,  vol.  40, 1883,  p.  10.    Thb  paper  amtslna  nanj  raterenDos  t«  UtanCnra. 
'  Jour.  Con.  BoL  lOfaa,  vol.  t,  UK,  p.  117. 

•  B«  B.  XMo,  Idam,  vol.  1, 18S7,  p.  SOS. 

•  Am.  Jour.  SoL,  3d  nr.,  toI.  H^  ISSG,  p.  U& 
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porphyry,  diorite,  andesite,  dacite,  rhyolite,  etc.  W.H.  Hobbs,'  study- 
ing the  granite  of  Behest^',  Maryland,  in  which  alUnita  and  epidote 
are  intergrown,  has  especially  discussed  the  parageneais  of  the  two 
species.  The  same  association  of  minerals  has  been  reported  by 
F.  D.  Adams,'  A,  Lacroix,*  G.  H.  Williams/  and  others.  In  the 
granite  of  Pont  Paul,  France,  allanite  is  sometimes  envelopttd  by 
biotite.'  W.  Mackie  *  has  reported  several  occurrencea  of  allanite 
in  Scottish  granites.  ABanlte  is  often  much  altered,  yielding  car- 
bonatea  of  the  cerium  group,  together  with  earthy  products  of  uncer- 
tain character. 

TOPAZ. 

Orthorhombic.  Simplest  empirical  formula,  Al,SiO,F,,  but  with 
part  of  the  fluorine  commonly  replaced  by  hydroxyl.'  Molecular 
wei^t,  184.6.  Specific  grayity,  3.56.  Molecular  Yolume,  61.9 
Color,  white,  yellow,  greenish,  bluish,  and  reddish.  Hardness,  8. 
The  true  formula  is  probably  three  times  tiiat  given  above,  with  the 
molecular  weight  and  volume  oorre^wndingly  tripled.' 

The  synthesis  of  a  product  alhed  to  topaz  was  early  reported  by 
A.  Daubr6e,*  who  heated  alumina  in  a  current  of  silicon  fluoride.  It 
contained,  however,  too  Uttle  fluorine,  and  varied  in  other  respects 
from  topaz.  H.  Sainte-Claire  Deville,"  repeating  the  expOTimfut, 
obtained  no  fluoriferous  sUicate.  C.  Friedel  and  E.  Sarasin  '^  claim  to 
have  prepared  topaz  by  heatii^  alumina,  siUca,  water,  and  hydrofluo- 
silioic  ac^  together  at  500°,  but  ^ve  no  details  nor  analyses.  A, 
Reich  "  subjected  a  mixture  of  silica  and  aluminum  fluoride  to  a 
strong  red  heat,  and  afterwards  ignited  the  mixture  thus  ohtained  in  a 
current  of  siUcon  fluoride.  By  this  process  topaz  was  formed,  whidi 
was  identified  both  crystallographically  and  by  (malysis.  This  is 
the  only  satisfactory  syntheeia  of  topaz  so  far  recorded. 

Topaz  commonly  occurs  in  gneiss  or  granite,  and  espe<aally  in  tki- 
bearing  pegmatites.  The  rock  from  the  tin  mine  at  lilDiunt  Bischoff, 
Tasmania,  has  been  described  by  A.  von  Oroddeok  •'  as  a  porphyritic 
topazfdls.     The  Brazilian  topazes  are  found  in  decomposed  material, 

<  Am.  Jour.  BcL,  3d  ser.,  vol.  30, 1886,  p.  lOS;  vol.  38,  ISSe.p.  Za. 


>  BuU.  Boo.  mM.,  vol.  13, 1888,  pp.  138, 1G7, 210. 
t  Boll.  V.  S.  Geol.  Smvuf  No.  S3, 1800. 

•  A.  UIclii!l-L«vr  and  A.  Leorciii,  BuU.  Boo.  mln.,  toL  U,  1888,  p.  U. 
'TraiB.  EdisbuTgh  <Jwl.  Boc.,  vol.  9, 1909,  p.  XtS.    A  ""'H'*"  "giu 
allaniU,  is  reportsd  b;  O,  C.  HotTniBim  In  Aim.  Sept.  0«ol.  Barvsy  Canada,  vol.  7, 18H,  p.  UB. 
'  S.  L.  Poifleld  and  I.  C.  Ubur,  Am.  Jmir.  SoL,  Id  «.,  vol.  47, 18M,  p.  387. 

1  Sea  F.  W.  Cbika  and  I.  8.  DlUv,  Boll.  U.  8. 0«ol.  Somr  No.  37, 188S,  and  aba  Oaik^  BnIL  No.  Sn, 
1911. 
■  Etudes  lyntbAtfaiius  de  gdokigla  aiptrimiBrtala,  p.  GT. 
UCempt.  R(iid.,vaLA2, 1881,  p.  780. 
u  Bull.  800.  min.,  vol.  10, 1SS7,  p.  180. 
u  Monatih.  Chemle,  vol.  17, 1806,  p.  149. 

■•  Zeitsobr.  DeiilSGb.  geoL  Ocaell.,  vol.  3S,  ISSl,  p.  643.    On  tba  topaa-buring  rooki  ol  Oiuunic  BakaDt 
Ualar  StKtu, » I.  B.  Satttoor,  Quart.  Jour.  OioL  Soo.,  voL  70,  IBM,  p.  3S3. 
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which,  according  to  O.  A.  Derhy,'  was  probably  a  mica  sdiifit  derived 
from  au  antecedent  augite  or  nephelin©  syenite.  In  Colorado  and 
Utah  topaz  occtUB  in  lithophyses  of  rhyolite.*  Gaseous  emanations 
containing  fluorine  probably  plsy  an  important  part  in  its  develop- 
ment. Topaz  altera  easily,  by  hydration  and  by  the  action  of  perco- 
lating alkaline  solutions,  and  is  transformed  into  compact  muscovite.' 
The  reported  alterations  to  steatite  and  serpentine  are  probably 
baaed  upon  erroneous  diagnoses.  By  heating  topaz  with  a  solution 
of  sodium  silicate  174  hours  at  200°  to  210°,  J.  Lemberg*  converted 
it  into  an  alkaline  alumo-eihcate  of  presumably  zeolitic  character. 
At  a  white  heat  topaz  loses  fluoriae  and  becomea  transformed  into 
siUimanitfl.* 

THE  ANBALUSITB    GBOUP. 

ATidaZuaiie. — Orthorhombic.  Simplest  empirical  formula,  AljSiO,; 
true  formula  probably  three  times  as  great.  Corresponding  molecular 
weight,  162.6.  Specific  gravity,  3.18.  Molecular  volume,  51.1, 
Color,  white,  reddish,  violet,  brown,  olive-green.     Hardness,  7.6. 

Smimanite  or  fhrolite. — Orthorhombic.  Composition  and  low^t 
molecular  weight  the  same  as  for  andalusite.  Specific  gravity,  3.2. 
Uolecular  volume,  50.8.  Color,  grayish  white,  grayish  brown,  pale 
green,  brown.    Hardness,  6  to  7. 

Eyamite  or  eyanite. — ^Tridinic.  Composition,  etc.,  as  with  anda- 
lusite and  siUimanite.  Specific  gravity,  3.6.  Molecular  volume,  45.2. 
Color,  Gonunonly  blue,  sometimes  white,  gray,  or  green.     Hardness,  7. 

These  three  minerals  are  of  peculiar  interest  because  of  their  iden- 
tity in  chemical  composition.  They  undoubtedly  differ  in  chemical 
structure,  and  kyanite  possibly  differs  from  the  other  two  in  molecu- 
lar weight,  but  upon  the  latter  point  the  evidence  is  not  conclusive. 
Andalusite  and  siUimanite  are  commonly  regarded  as  basic  ortho- 
silicates,  and  kyanite,  on  account  of  its  greater  resistance  to  the 
action  of  acids,  has  been  interpreted  by  P.  Groth  as  a  metasilicate, 
(AlO)jSiO,.'  In  an  interesting  investigation  by  W.  Vemadsky' 
it  is  shown  that  both  andalusite  and  kyanite  are  transformed  into 
siUimanite  by  simply  heating  to  a  temperatiu^  between  1,320°  and 
1,380°.  SiUimanite,  therefore,  is  the  most  stable  of  the  three  speaes, 
at  least  under  pyrogenio  conditions.    Yemadsky  has  identified  it  as 

■  Am.  Jaar.  BaL,  4th  Bat.,  toI.  U,  MOl,  p. «. 

■  Bm  W.  Cnn,  Idem,  Sd  sv.,  vol.  31, 1S8B,  p.  tS2. 

>  Fcr  a  complete  atody  of  this  sltoatlnn,  sea  F.  W.  Chrke  and  J.  8.  DUfar,  Bull.  U.  S.  OttA.  Baiwf 
No.  IT,  J88«.    B«e  abo  A.  Attvberg,  Oeol.  FSran.  FOrhasdl.,  vol.  %  lS7*-n,  p.  ItO. 

•ZaltBiAr.  Dnilsch.  K«oL  Oflsell.,  vol.  40, 1888,  pp.  6£I  et  9*4. 

•  vr.  Vanudfikr,  BulL  Boa.  mliu,  ToL  13,  lago,  pp.  269-3S0. 

t  A  dlffsroit  bat  not  ■mrj  plauslbls  bitirprcCatkn  of  Uicat  sptcka  haa  been  oflerad  by  K.  Zutkovakt, 
Knutah.  Cbaole,  vri.  31, 1900,  p.  loeo. 

iBoILBoa.mliLgTaJ.  13, 1880,  p.  3H;  Cranpt.  Rand., -ml.  110,1800,  p.  1377.  For  esrtier  srTtthueB  o[  thcM 
mbienb,  by  DaubrM,  DcvOls  and  Caron,  Fiemy  and  Fell,  Uaanier,  mui  llauUlcuille  and  UargotUt,  sea 
L.Bsurgiiofa,  BiproductiiHi  arUflclelle  <ie>  mloAwu, pp.  119,130.  Tbe  proogsscs,  axoept  thi  taat.  Involved 
llw  UN  of  a^imHnm  *^i*r^fl,  allJooa  fbuxidt,  <r  sUioctk  ohltflda,  and  vara  thflndon  ItuUrflOt, 
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an  esBential  constituent  of  hard  porcelain.  He  also  obtfuned  alU- 
manite  by  fusing  silica  and  alumina  together.  .  This  synthe^  has 
also  been  effected  by  E.  S.  Shepherd  and  G.  A.  Rankin,*  vho  find  that 
BJHimanite  is  the  only  one  of  the  three  silicatee  which  ia  stable  in  the 
pure  melt.  They  alao  confirm  the  statement  that  kyanite  and 
andalusite  pass  into  sillimanite  when  strongly  heated.  Their  arti- 
ficial BiUimanite  melted  at  1,811°.  A.  Eeich,'  by  heating  aluminum 
fluoride  with  silica  to  strong  redness,  obtained  a  mixture  of  siDi- 
manite  and  corundum.  The  conditions  under  which  sillimanite  can 
form  magmaticaUy  hare  also  been  determined  by  J.  Morozewicz.* 
In  the  magmatic  mixture  EO.mAl,0,.nSiO„  if  magnesia  and  iron 
are  absent,  m  — 1,  and  n  is  greater  than  6,  sillimanite  is  developed. 
K.  Dalmer  *  has  reported  the  alteration  of  a  chlorite-mica  phyllite 
into  a  mixture  of  andalusite  and  biotite. 

Andalu^te  is  a  mineral  of  the  metamorphic  schists,  and  is  espe- 
(ually  common  in  the  contact  zones  of  clay  slate  near  dikes  of  granite 
or  diorite.  It  is  also  found  in  Archean  gneiss  and  mica  schist,  and 
sometimes  as  an  accessory  in  granite. 

Sillimanite  is  common  in  the  crystalline  schists,  particularly  in 
fetdspathic  gneiss,  and  in  cordierite  gneiss.  It  is  often  found  inter- 
grown  with  quartz. 

Kyanite  also  occurs  in  crystalline  schists,  such  as  gneiss,  mica 
Bchist,  paragonite  schist,  and  eclogite.  It  is  often  embedded  in 
quartz,  and  has  been  reported  in  limestone.* 

Andalusite  alters  to  muscovite,'  and  sometimes  also  to  chlorite  and 
kaolin.^  J.  Lembeig,*  by  heating  andalusite  or  kyanite  with  alkaline 
silicates  or  carbonates  under  pressure,  converted  them  into  zeohtic 
substances.  C.  Doelter,*  upon  heating  andalusite  with  potassium 
carbonate  and  fluoride  during  several  weeks  at  250°,  observed  the 
formation  of  scales  of  mica. 

It  has  already  been  stated  that  the  empirical  formiilffi  for  topaz 
and  andalusite  should  probably  be  tripled,  a  su^estion  which  is 
based  partly  upon  their  alterability  into  muscovite.  On  this  basis 
the  three  species  compare  as  follows: 

Andalusile Al,(aiOJ/A10),. 

Topai AI,(SiOJ,(AIF,V 

Muscovite Al^SiO^^KH,. 


rauT.Srl.,4lh)iir..  i-ol.  2«.  IVU1.  p.  »t.    Sm  tba  W.  EiUI,  Zettschr.  tan.  Viam., -ni.  m,  Oti, 

UamXItL  rbMOlc  vnl.  IT,  ISM.  p.  ttn. 

tfln.  pel.  Kill. ,  \-oL  18.  IKKt.  p.  Ti. 

N<ufsl*hiti.,  1W7,  Bud  1,  p.  IM. 

J.  KOTtf,  ZWtnfar.  EirsLlUn.,  Tol.»,  W)l,p.7M. 

A.  anmvui,  N'tucalihrti.,  Bd.3,lmi,p.  IBS. 

P.  K.  U*aM«,  Ztitaau.  EtTst  Hln.,  thI.  33,  im,  p.  «L 

ZHurhi.  Drutwti.  fM4.  Cmll.,  mL  n,  Ifm.  p.  til. 

AUxTinrlni-  i''..miisrh»  ilinemluel',  P-  3i'T. 
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STATJBOIiITB. 

Orthorhombic.  CompoBitioa,  EFeAl,Si,Oj„'  with  a  litdo  mag- 
nesia or  sometimes  manganese  oxide  replacing  a  part  of  the  iron. 
Molecular  weight,  457.2.  Sped£c  gravity,  3.7.  Molecular  volume, 
123.    Color,  brown  to  black.    Hardness,  7  to  7.5. 

No  authentic  synthesis  of  staurohte  has  jet  been  recorded.  The 
substance  obtained  by  H.  Saiate-Claire  DeviUe  and  H.  Caron,*  by 
the  action  of  silicon  fluoride  upon  a  heated  mixture  of  alumina  and 
quartz,  and  called  staurolite  by  them,  had  nearly  the  composition 
of  sillimanite.*  P.  Hautefeuille  and  J.  Margottet,*  in  their  memoir 
upon  the  synthesis  of  certain  phosphates,  also  mention  the  produc- 
lion  of  a  mineral  resembling  staurohte  but  ^re  no  further  details. 

Staurohte  is  a  mineral  of  the  metamorphic  schists,  especially  of 
muscovite  or  paragonite  schist,  and  some  gneisses  or  slates.  It  is 
often  associated  with  kyanite.  Staurolite  alters  into  muscoTite.' 
The  reported  alteration  into  steatite  is  very  questionable. 

I1A.WSONITE. 

Orthorhombic.  Composition,  H^CaAljSijOio.  Molecular  weight, 
315.1.  Specific  gravity,  3.09.  Molecular  volume,  102.  Color,  pale 
blue  io  grayish  blue.    Hardness,  8.25. 

Lawsonite  was  discovered  by  F.  L.  Ransome  *  in  1895,  in  a  glauco- 
phane-bearing  schist  from  'Hburon  Peninsula,  California.  It  has 
unce  been  found  by  S.  Franchi  and  A.  Stella '  in  the  metamorphic 
schists  of  the  Alps;  by  C.  Viola*  in  the  saussuritized  gabbros  of 
southern  Italy;  and  by  A.  Lacroix'  in  similar  rocks  and  glauco- 
phane  schists  from  Corsica  and  New  Caledonia.  J.  P.  Smith  *"  has 
recently  described  lawsonite  rocks  from  several  locahties  in  CaU- 
fomia,  especially  a  lawsonite^laucophane  schist  and  a  lawsonite- 
glaucophane  gneiss.  The  latter  rock  carried  about  25  per  cent  of 
lawsonite.  The  mineral  is  evidently  of  widespread  occurrence.  Its 
formula  suggests  a  derivation  from  anortbite,  by  assumption  of  two 
molecules  of  water.  Upon  fusion,  lawsonite  would  undoubtedly  yield 
anorthite. 

1  EatoblWwd  br  S.  h.  Pgnikld  and  J.  B.  Pntt,  Am.  Jddt.  ScL,  9d  str.,  *ol.  47,  Uft4,  p.  81. 

•  Conpt.  Bend.,  ToL  «,  1SS8,  p.  7M. 

•  H.  BaiDt»ClB&a  Dmllk,  Idm,  toL  13,  UN,  p.  780. 

•  Idani,  v(iL  M,  1883,  p.  lO&a. 

•  Bet  amlrib  tn  Bull.  U.  8.  OmL  8anej  No.  330,  Itoa,  p.  M. 

•  BoU.  Dtpt.  QaHogj  Univ.  Califcmia.  vol.  1,  IBK,  p.  3D1.  B«e  ■Iso  T.  L.  RanBome  utd  C.  PaiacJit, 
ZafOchr.  Eryst.  Ub. ,  vol.  25, 18ee,  p.  sai;  and  W.  T.  SchoUer  and  W.  F.  naigbrand,  BulL  U.  8.  0«ol. 
Burvay  No.  2S3, 190S,  p.  58. 

>  Cited  b;  P.  Tsmln,  Bull.  Soe.  mln.,  tdI.  X,  1307,  p.  5.    Bm  also  ToTTiKr,  Idon,  vul.  37,  leM,  p.  Xi. 

•  Zeltictir.  KiTSt.  Uln.,  vol.  M,  1897,  p.  «3. 

•  Bull.  Soc.  mhi.,  vol.  39, 180T,  p.  3M. 

■•Pnio.  Am.  PbOos.  Boo.,  vol.  4S,lM7,p.  183.    8«t  ila>  A.  B.  Bakla,  Bull.  Dspt.  Qtology  Univ.  Call- 
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According  to  F.  Comu,'  tike  etnnpoimd  H|CbA]^/\  is  dimor- 
phous. La'WBonite  is  one  modification ;  the  other,  isometric,  he  has 
named  hibschite.  It  was  found  enveloping  gatnet  as  aa  induuon 
in  the  phouolite  of  Aussig,  Bohemia. 

STTMOBTTERrTE. 

Ordiorhombic.  Composition,  Ai^BBSijO^*  Molecular  weight, 
634.  Spedfic  gravity,  3.3.  Molecular  volume,  192.  Color,  blue, 
bluish  green,  lavender,  or  black.    Hardneea,  7. 

DumortJerite  was  ori^nally  discovered  in  a  pegmatite  gneiss  near 
Lyons,  in  France.  It  has  ranee  been  found  in  Germany,  Austria, 
Korway,  Argentina,  and  at  several  localities  in  the  United  States.* 
It  has  beeai  observed  in  pegmatite,  in  cordierite  gneiss,*  in  granite, 
and  in  certain  quartz  rocks  associated  with  ^anite  (Arizona),  sil- 
limanite  (California),  and  andalusite  (Washington).  Muscovite  is 
also  one  of  its  companions,  and  Schaller  has  observed  its  alteration 
into  muscovite.  It  is  an  inconspicuous  mineral,  except  for  its  usual 
bright-blue  color,  and  is  probably  not  at  all  rare.  Its  doee  relation- 
ship to  andalusite,  sillimanite,  and  kyanite  is  obvious.  According 
to  W.  Vemadsky,'  dumortierite,  at  a  white  heat,  is  converted  into 
silhioanite.  Wl^t  other  product  is  formed  at  the  santfi  time  is  not 
stated.* 

TOUKMAIJNE. 

Khombohedral.  Composition,  a  complex  borosilicate  of  aluminum 
and  other  bases.  Color,  white,  yellow,  brown,  green,  red,  blue,  and 
black.     Specific  gravity,  2.88  to  3.20.     Hardness,  7  to  7.5. 

Tourmaline  realty  represents  a  group  of  isomorphous  species,  whose 
chemical  relations  are  not  yet  completely  understood.  There  are, 
however,  three  distinct  types,  as  follows: 

Alkali  tourmaline:  Contuns  Uthium  or  sodium,  sometimes  potas- 
sium in  less  amount.  Found  in  p^;matitee,  with  muscovite  and 
lepidolite. 

Magnesium  tourmaline:  Chief  base,  after  aluminum,  magnesium. 
Often  found  in  limestone  or  dobmite,  with  phlogopite  as  the  accom- 
panying mica. 

Iron  tourmaline:  The  common  black  variety,  which  alone  is  signifi- 
cant as  a  rock-making  mineraL  Contains  iron  in  place  of  magne- 
sium.   Associated  commonly  with  muscovite  or  biotite. 

>  Utn.  p«l.  Uln. ,  Tol.  15,  ISM,  p,  3M. 

•  Ai  ddtBinliiid  b;  W.  T.  Schalter,  Bull.  U.  8.  Qtol.  Snrrv  ^•>-  ^>  I9<»>  PP.  SI-ISO.  8m  itoo  W.  E. 
ford,  Am.  Jnur.  8cl.,4thi«.,  vol.  4,  IW2,  p.  4%.    Ford't  tonnuU  difftn  sUfhtl;  Toa  Solwll*^ 

■  BeeBchsller'>mBmair,att«d  above,  lor  a  Full  summary  of  ttwkmiinilaiaUtla  and  a  lindlBgnphy  at  tlw 

•  Sw  A.  iMroU,  Bun.  Boc  mln.,  voL  U,  I£8e,  p.  SOL 

•  Idem,  Tal.  13,  IDH),  p.  2U. 

■O.  L  Tlnla;  (Jour.  Otalogy,  vol.  IS,  IVOT,  p.  479)  iqxxti  donurtlsrlts  uid  eonmilum  u  orlfbial  pjiD- 
I«ilo  oomtKiuBU  of  a  pegnutlu  dfka  iMu  Oumi  ra^,  Oglondoi. 
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Betveon  these  distinct  types  there  are  vuious  intermediate  mis'* 
tures,  and  also  rare  ezampks  in  which  a  little  duromium  appears, 
partly  replacing  aluminum. 

Orer  the  chemical  formula  of  tonrmaline  there  has  been  mucb  dis- 
cussion, and  no  set  of  expressions  can  be  assumed  as  finaL'  TbA 
foUowing  fonnalee  seem  to  be  best  sustaioed  by  evidenced 

(1)  AWt'^WB,0„. 

(2)  AI,R',8iA0„. 

(3)  Al^'.^i^A.. 

In  No.  3  theR'  is  largely  replaced  by  R",  which  maybeFeorMg. 
Hydrogen  is  important  among  the  components  of  R'.  Fluorine  is 
also  commonly  present  in  small  amounts.  The  geaeral  formula 
Al,R,(BOH),Si,Oi„  proposed  by  S.  L.  Penfield  and  H.  W.  Foot«,» 
is  preferred  by  some  authorities. 

Tourmaline  has  not  as  yet  been  produced  synthetically.  The  rock- 
fonning  iron-bearing  variety  is  commonly  found  in  the  older  and  more 
highly  siUceouB  igneous  and  granular  rocks,  such  as  granite,  syenite, 
and  diorite.  It  is  also  abundant  in  mica  schists,  clay  slates,  and 
other  fflmilar  matrices.  It  forms  in  some  cases  at  the  contact  between 
schists  and  granite,  and  may  be  abundant  enough  to  characterize  an 
occurrence  as  a  tourmaline  homstone.  In  igneous  rocks  it  seems  to 
have  been  produced  by  fumarole  action,  and  not  as  a  direct  separation 
from  the  magma.  H.  B.  Fatton  *  regards  the  tourmaline  of  certain 
schists  in  Colorado  as  having  been  formed  at  the  expense  of  the  bio- 
tite  contained  in  the  pegmatites  adjoining  the  contact  zone. 

Tounoaline  alters  to  mica,  chlorite,  and  cookeite.  Upon  fusion^ 
according  to  C.  Doelter,'  tourmaline  yields  olivine  and  spinel. 

BEBTL. 

Hex^onal.  Normal  composition,  Al,Gl,Si,0,^  Molecular  weight, 
539.9.  Specific  gravity,  2.7.  Molecular  volume,  200.  Colorless, 
white,  more  commonly  green,  sometimes  yellow,  blue,  or  rose.  Hard- 
ness, 7.5  to  8. 

Although  normal  beryl  has  the  composition  given  above,  the  min- 
eral generally  varies  from  it.  S.  L.  Penfield '  has  shown  that  many 
beryls  contain  alkalies,  replacing  glucina,  and  also  some  combined 

1 8sa  C.  Bumndibcrg,  Neaa  Iamb.,  laso,  Band  3,  p.  IW.  A.  Kaaieott,  Idam,  1SS9,  Band  1,  p.  4*. 
O.TMJMtnuk,  UliLpM.  Ultt.,  vol.  ig,  lem,  p.l6£;Zaltsctir.  Eryet.  Wn.,  vol.  3S,18M,p.30(l.  V.  0<ild. 
•dimldt,  Zeltachi.  Eryit.  Uln.,  vol.  IT,  iseo,  pp.  fi3,  SI.  B.  Scbariur,  Idam,  toL  1G,  ISW,  p.  337.  P. 
Jaunadi  ud  O.  Calb,  Bs.  DtataCb.  otum.  Ondl.,  vol.  23,  I8W,  p.  Hi.  H.  KhaliMck,  ZaUadn.  Kijtt. 
lUii.,vol.l7,18Ga,p.SI)(;  vol.  33, 19M,  p.  S^  E.  A.  Wm]liw,lIIiLpst.Ultt.,TDl.  10,lS8g,p.  lU;  Rehur, 
IDHIC.  Dtas.  HaldelbflTg,  1913;  W.  T.  SclmUer,  Zaltscbi.  Kxyit.  Hh.,  vol.  fil,  p.  331, 1913. 

t  BnlL  U.  B.  Oad.  auTv«7No.  HI,  ISOO,  p.  38;  Am.  Iota.  8ci.,4tliav.,  vol.  S,UM,p.  111.  Aln  b  BulL 
n.  B.  Owd.  Bmrar  No.  088, 1911 

■  Am.  Tour.  Sd.,  4th  Mr.,  rd.  T,  1899,  p.  97;  tdL  10, 1900,  p.  19. 

•  Bull.  Gaol.  Boo.  ADWrIca,  vol.  ID,  ISM,  p.  31. 

•  Nairn  Jabib.,  1S9T,  Band  t,  p.  1. 

•  Alii.I<iur.3cl.,3dBer.,  vol.  Z),  18M,p.  3i;  vol.  8%  1888,  p.  317. 
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water,  up  to  nearly  3  per  cent.  A  beryl  from  Hebron,  Maine,  con- 
tained 3.60  per  cent  of  CsjO.  A  beryl  analyzed  by  J.  S.  De  Benne* 
TJlle '  carried  2.76  per  cent  of  K,0;  and  F.  C.  Robinson,*  in  another 
example,  found  2.76  per  cent  of  P,Os. 

J,  J.  Ebelmen  *  succeeded  in  ret^ystaUizing  beryl  by  fusion  with 
boric  oxide.  P.  HautefeuiUe  and  A.  Perrey  *  obtained  it  in  crystals 
by  fusing  a  mixture  of  alumina,  glucina,  and  silica  vith  the  same 
flux.  H.  Traube "  precipitated  a  solution  containing  aluminum  sul- 
phate and  glucinum  sulphate  with  sodium  metasilicate,  and  crystal- 
lized the  product  from  fused  boric  oxide  in  the  same  way.  In  both 
of  the  cases  just  cited,  the  beryl  obtained  was  identified  crystallo- 
graphically  and  by  analysis. 

Beryl  is  a  common  accessory  in  pegmatite  veins.  It  is  also  found 
in  day  slate  and  mica  schist.  It  alters  into  mica  and  kaolin,  when 
the  removed  ^ucina  generally  appears  as  a  constituent  of  other 
secondary  minerals,  such  as  bertrandite,  herderite,  or  heryllonite. 
Although  beryl  is  not  commonly  included  by  petrographers  in  their 
lists  of  rock-forming  minerals,  it  seems  entitled  to  recognition  in  a 
chapter  of  this  kind. 

SEOtPENlTNTI,  TAIiC,  AND   KAOUNITE. 

Serpenime. — Optically  monodinic,  but  not  known  in  true  crystals. 
Composition,  "H^tiSggSifit,  Molecular  weight,  278.  Specific  grav- 
ity, 2.5  to  2.6.  Molecular  volume.  109.  Color  commonly  green, 
often  yellowish. 

Hydrous  magnesian  silicates  are  easily  prepared  by  various  wet 
reactions,  hut  these  syntheses  have  little  or  no  significance  in  the 
interpretation  of  serpentine.*  The  mineral  occurs  in  nature  only  as 
a  secondary  product,  derived  by  hydrous  alteration  from  olivine, 
hornblende,  actlnolite,  enstatite,  diopside,  chondrodite,  and  other 
magnesian  minerals.  Laige  rock  masses  are  frequently  found  which 
have  become  transformed  into  impure  serpentine.  Gabbro,'  perido- 
tite,*  and  amphibolite  *  may  imdei^o  this  change."*  The  alterative 
process,  however,  does  not  end  here.  Serpentine  itself  may  imdergo 
further  alteration,  yielding  brucite,  magnesite,  hydromagnesite,  ete. 
R.  Brauns  "  has  described  a  derivative  of  serpentine,  which  he  calls 

< lour.  Am.  Cham. Sod.,  vol.lS,  18H, p. SS. 

•  Tout.  Aiul,  HCd  AppI,  Chem.,  vol.  S,  1S>2,  p.  GIO. 
>  AnnalCB  cbfan.  phrs.,  3d  aer.,  m.  J2,  lUS,  p.  337. 
<  Compt.  Baad.,  toI.  lOS,  1888,  p.  1800. 

•  Neugg  Jahib.,  lau,  Buid  1,  p.  Sn. 

*B««,  fnemnple,  A.  QigM,  Rept.  Brit.  Anoa.,  1863,  p.  303.    Oigt'i  proOnot  tCMonblad  dnrtrllM, 

•  8m  L.  FlDokli,  Zeltschr.  t>enl«!h,  gnl.  Qoell.,  vol.  SO,  ISBK,  p.  108. 
*8es  O.  H.  Wnitami,  Am.  7aar.  Bel.,  3d  nr.,  vol.  34, 1887,  p.  137. 
•B««I.  B.  Jaqw^Bec.Geol.  SnrveyNewSouUi  Waloe,TOl.  6, 190B,p.  IS. 

<■  For  gaiHnl  dtacoBloi  onr  the  origin  ol  nrpoutliM,  nee  O ,  F.  Becker,  itai.  V.  8. 0«j.  Snnej,  Td.  13, 
U8>,ti7-lWetnq.;  and}.  J.  H.  TsaJl, British pfttmpraphy.    Tlielltsratnn  IsveiyibaiidBnt. 
UNeuaJahrb.,  Bell.  nuid8,ISST,p.3I8.  BrauiisdlHusKsUiediflereiitTatletIeaoIserpaiitinelDll;>nd 
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webskyite,  li^Agt%0„.6Hfi;  uid  F.  W,  Clarke'  has  reported  an 
apparent  serpentine  which  prored  upon  analysis  to  be  nearly  60  per 
cent  bmcite.  By  solfataric  action  serpentine  may  lose  its  magneeia 
In  the  forms  of  sulphate  or  carbonate  and  become  transformed  into  a 
mass  of  quartz  and  opal.*  When  serpentine  is  fused  it  yields  a  mix- 
ture of  olivine  and  enstatite.' 

Tale. — ^Monodinic.  CompositioD,  Hji^Si^Ou.  Molecular  weight, 
380.8.  Specific  gravity,  2.7  to  2.8.  Molecular  volume,  138.  Color, 
white  to  green.  Tlie  name  talc  is  commonly  applied  to  the  foliated 
varieties;  tiie  massive  mineral  is  called  steatite. 

Talc  is  common  as  a  pseudomorphous  mineral,  derived  from  other 
magneaian  species,  often  from  tremolite  or  enstatite.*  An>piming  the 
change  to  be  brought  about  by  carbonated  water,  the  reactions  may 
be  simply  written  as  follows: 

CaMgjSijOu  +  ^O  +  CO,  =  H,Mg,Si.Ou + CaCC\. 
Mg,Si,0„  +  H,0  +  CO,  =  H,Mg,Si,Oa + MgCO,. 

The  talc  thus  produced  is  not  infrequently  associated  wit^  marUe 
or  dolomite.  The  most  important  occurrence  of  talc,  however,  from 
a  geological  point  of  view,  is  in  the  form  of  talcose  schist. 

According  to  F.  A.  Oenth,  talc  may  alter  into  anthophyUite.* 
When  talc  is  ignited,  it  loses  water,  and  one-fourth  of  the  silica  is 
split  off  in  the  free  state.'  The  residue  after  removing  the  liberated 
sihca,  has  the  composition  MgSiO,. 

A  number  of  other  hydrous  magnesian  silicates  occur  as  secondary 
minerals,  such  as  deweyhte,  saponite,  etc. ;  but  they  are  geoli^caUy 
unimportant. 

Eaolinite. — Monoclinic.  Composition,  H^Al^ijOi.  MoleculfO' 
weight,  259.  Specific  gravity,  2.6.  Molecular  volume,  99.6.  Ctdor, 
white,  often  tinted  by  impurities. 

Known  only  as  a  secondary  mineral,  the  product  of  hydrous  alter- 
ation of  other  species.    Derived  chiefly  from  feldspars. 

Halloysite,  cimolite,  newtonite,  montmoriUonite,  pyrophyQite,  and 
allophane  are  other  hydrous  silicates  of  alimunum.  lliey  need  no 
consideration  here. 

■  BntL  U,  B.  Oetd.  Burvcf  Vo.  X2, 1805,  p,  SB. 

■  Bna.F.BaOktr,Koii.U.S.aecd.  BuivaT,*<d-13.  lS88,pp.U§etnq.itfuX.LB0iilx,Campt.Baid. 
v<d.  lH,MT,p.G13. 

>  Daabrte;  bm  uite,  p.  7711,  under  uniitiitlu. 

•  See  C.  H.  BmTtli,  Sohool  ol  Uloas  Qiurt.,  ygl.  17, 18X1,  p.  S»,  uia  J.  B.  Fntt,  Noth  CtnllM  Oacit. 
Snrvvy,  Ecoianlc  F^ier  No.  i. 

'  Proo.  Am.  Phlloa.  Soc.,  vol.  »,  ISffi,  p.  381. 

*  F.  W.  dvkawid  E.  A.  S«hiMld«,  BnlL  U.  B.  Oud.  Burr^  Mo.  78,  IMl,  p.  12. 
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THE   ZEOLITES. 

Under  the  general  term  zeolites  axe  included  a  numbw  of  impor- 
tant miaerals,  which,  however,  do  not  strictly  belong  to  tiie  rock- 
Tnaking  dass.  They  occur  in  eruptive  rocks  only  as  secondary  prod- 
ucts, except  in  the  noteworthy  case  of  analcite,  which  has  already 
been  described.    The  more  important  zeolites  are  the  following: 

Heulandite CaAl^i,0„.5H^. 

StObite CaAl^i,0i,.6^. 

L&umontite CaAljSi^Ou.*^. 

Qubkzite CaAljSi^Ou.eHiO. 

Thonwonite CaAl3SiaO,.2iH,0. 

Scoledte CaAljSi,0,i,.3E,0. 

Natrolite N%Al^i,0iB.2E,0. 

Hydronephelit^ HNa,Ai,8i,Ou.3H^. 

To  these  may  be  added  ptilohte,  mordenite,  brewsterite,  epistilbite, 
phUlipsite,  gismondite,  laubanite,  gmelinite,  levynite,  faujasite, 
edingtonite,  mesohte,  erionite,  wellaite,  and  perhaps  other  spet^es.  As 
a  rule,  in  the  lime-bearing  zeohtes  a.  part  of  the  l^e  may  be  replaced 
by  other  bases,  generally  by  soda.  Potassium,  however,  is  found  in 
notable  quantities  in  phillipsite,  harmotome,  edingtonite,  and  wells- 
ite,  and  strontium  in  brewaterite  and  wellsite.  The  formul»  given 
above  are  general  and  empirical,  nothing  more;  but  they  ei^geet 
some  paragedetic  relations.  Stilbite  and  heulandite  eeem,  for  exam- 
ple, to  be  derivatives  of  an  unknown  calcium-albite;  and  in  general 
the  zeolites  appear  to  have  been  formed  from  feldspars  or  feldspa- 
thoids.  Anordiite  and  nephelite  are  common  parents  of  zeolitic 
minerals.  Fectohte,  okenite,  gyroUte,  and  apophyllite '  are  other 
secondary  mineraJa  whose  mode  of  occurrence  is  like  that  of  the  true 
zeolites,  and  possibly  the  spedes  prehnite  and  datolite  should  on 
genetic  grounds  be  grouped  with  them.  Mineralogically  these  min- 
erals are  classed  elsewhere;  it  is  only  as  regards  their  mode  of  fonna- 
tion  that  they  are  mentioned  now. 

Many  syntheses  of  zeolites  and  zeolitic  compounds  are  recorded, 
and  several  species  have  been  recrystallized  from  solution  in  supei^ 
heated  wateis.  The  syntheses  were  necessarily  effected  by  hydro- 
chemical  reactions,  either  operating  upon  such  minerals  as  anorthite 
or  nephelite,  or  by  double  decomposition  between  aqueous  solutions. 
H.  Sainte-Claire  Deville,'  for  example,  produced  phillipsite,  levyn- 
ite,  and  gmejinite  by  heating  solutions  of  potassium  silicate  with 
sodium  or  potassium  aluminate  to  170°.  C.  Doelter  *  prepared  apoph- 
yllite, okenite,  chabazite,  heulandite,  stilbite,  laumoutite,  thomsonite, 

>  On  apoph;lttta  u  a  rocttoniilnc  mlnnal,  m  F.  Comu,  CmtralbL  tUn.,  OmL  u.  FaL,  1907,  p.  X». 

■  CompL  Raod.,  VoL  54.  ISea,  p.  3M. 

■  N«UM  Jabrb.,  1890,  Bukd  1,  p.  US 
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DKtrolite,  and  scolecite  by  various  proceeees;  and  J.  Lembeig '  has 
shown  that  zeolites  can  be  generated  from  one  another  bj  the  action 
at  moderately  high  temperatures  of  suitable  reagents,  such  as  the 
alkaline  carbonatea  and  silicates.  The  syntheses  of  analdte  by  De 
Schulten  and  FriedeJ  and  Saraan  have  already  been  described.'  At 
the  hot  springs  of  Plombidres  A.  Daubr^e  *  found  zeolites  which  had 
been  produced  by  the  action  of  the  percolating  waters  upon  the 
cement  and  brick  work  of  the  old  Bomaa  baths.  Chabazite,  phillips- 
ite,  apophyllite,  and  gismondite  were  identified,  and  similar  develop- 
ments were  afterward  discovered  at  other  hot  springs  in  France  and 
Algeria.* 

High  temperatures,  however,  are  not  essential  to  the  formation  of 
zeolites.  Fhillipsite  has  been  found  abundantly  in  volcanic  mud 
dredged  up  from  the  bottom  of  the  Pacific  Ocean;*  and  A.Iiacroix* 
discovered  several  of  the  species  imder  conditions  which  showed  a 
recent  origin  &om  cold  percolating  waters.' 

THE    CAKBONATBS. 

Ckddte. — ^Rhombohedral.  Composition,  CaCX),.  Molecular  weight 
100.1.  Specific  gravity,  2.72.  Molecular  volume,  36.8.  Hardnras, 
3.    Kormally  colorless,  but  often  variouedy  colored  by  impurities. 

Aragoniie. — Orthorhombic.  Composition,  CaOO,,  like  calcite. 
Specific  gravity,  2.94.  Molecular  volume,  34,  Hardness,  3.5  to  4. 
Color,  white,  but  oft«i  tioted  by  Impurities. 

Dolomite. — ^Rhombohedral.  Composition,  CaMgC^O,.  Molecular 
weight,  184.5.  Specific  gravity,  2.83.  Molecular  volume,  65.2. 
Hardness,  3.5  to  4,  Normally  colorless  but  often  tinted  pink  or 
brown. 

Maffnesite, — ^RhombohedraL  Composition,  MgCO,.  Molecular 
weight,  S4.4.  Specific  gravity,  3.0.  Molecular  volume,  28.1.  Hard- 
ness, 3.5  to  4.5.    Color,  white  to  brown. 

Siderite. — Bhombohedral.  Composition,  FeCO^  Molecular  weight, 
116.9.  Specific  gravity,  3.88.  Molecular  volume,  29.9.  Hardness, 
3.5  to  4.  Color,  gray  to  brown,  sometimes  white.  Breunnerite  and 
mesitite  are  carbonates  intermediate  in  composition  between  siderite 
and  magnesite. 

I  z«ltMlir.  Dtotadi.  iMd.  OoalL,  ToL  K,  UTB,  p.  MB.  On  arUDctol  ndltts  Ma  alw  F.  Staftr,  Dbg., 
Tech.  Boshsdm)*,  Berlin,  ISlO. 

■  Bm  aaia,  ^  3ati 

>  AtadM  trnlUtlqiMa  da  gftdoglt  Axpftteuntale,  p.  171. 

ilitm,p.m. 

*Itapt  CbaDngcr  Expad.,  KanadTa,  Tol.  1,  pt.  3, 1S8S,  pp.  771,  8U. 

'Compt.  B«uL,  ToL  US,  18M,  p.  TBI.  Tha  locaUtia  deaorlbad  ore  tn  tha  Pyraatw.  PtaglodMa  and 
anvoHta  wa  tha  piroLt  mlnaala. 

<rot  adlaomsloiiof  thecoiutltatlcmortlwwdllaaBnP.  W.  Civke,  Bull.  U.  3.  Oeol.  Suttb;  No.  SSg, 

lat,  pp.  4fr^o. 

97270°— Bull.  616—16 Zl 
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Ml  these  carbonates  occur  in  igneous  rocks  as  seconduy  or  altersr 
tioQ  products.  Calcite  is  sometimea  apparently  of  primary  origin, 
but  not  certainly  bo.  WHen  heated  under  ordinary  conditions,  cal- 
cite dissociates  into  (^O  +  CO,;  but  under  great  pressures  it  may  be 
fused  without  decomposition.  It  is  not  impossible,  therefore,  that  it 
may  have  formed  in  some  cases  during  the  solidification  of  a  magma 
at  great  depth.* 

Calcite  alone,  as  a  rock,  is  represented  by  marble,  Umest<me,  chalk, 
etc.,  and  is  therefore  a  most  important  mineraL  Dolomite  also  forms 
extensive  rock  masses.  Both  species  will  be  more  fully  considered 
later  in  the  study  of  sedimentary  rocks. 

I  FvamnplnofprlmaiTOlcltciDlgDMiuarockaaMl'.  D.  Adams,  Am.  Jour.  RcL,  Id  av.,  Tid.  U,  18M, 
p.  U;  T.  L.  WUkv,  Quart.  Jour.  0«aL  800.,  yoL  K,  UB7,  p.  U;  T.  H.  nolluid.  Ham.  OtoL  Bamy  fiidto, 
TdLIO,  UXn,  p.  U7i  O.  atotiBT,  ComlbL  Wn.,  0«L  D.  F&L,  ISIO,  p.  4J3;  Radid  Wakman,  a«aL  U^.. 
1911,  p.  m    HaDf  othar  eminplH  m  on  mxxd.    Tlu  aocucrsioa  an  prtndpall;  In  imita  tr  uvhalfne 
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CHAPTER  XL 

IGNEOUS  ROCKS. 

PKBIilMINART  CONSIDERATIONS. 

When  a  magma  solidifies  to  form  a  rock,  it  may  become  either  that 
indeterminate  substance  known  aa  glass  or  a  mixture  of  definite  min- 
eral species.  Between  these  two  stages  of  devdopment  any  interme- 
diate phase  may  be  produced,  from  a  glass  containing  a  few  individ- 
ualized crystals  or  microliter  to  a  mass  of  crystalline  matter  with 
some  vitreous  remainder.  The  character  of  the  product  will  depend 
upon  s  variety  c^  conditions,  such  as  the  composition  of  the  molten 
material,  the  rate  of  cooling,  and  the  circumstances  imder  which  it 
cools.  If  solidification  takes  place  at  the  surface  of  the  earth,  as  in 
an  ordinuy  volcanic  outflow,  one  set  of  consequences  will  follow;  if 
it  is  effected  under  pressure — that  is,  at  great  depth — the  gaseous 
contents  of  the  mt^ma,  being  unable  to  escape,  will  play  a  part  in  the 
process,  and  determine  the  formation  of  compounds  which  could  not 
otherwise  be  generated.  In  either  case  a  relatively  small  number  of 
t^ese  will  form  in  preponderating  quantities.  If  we  consider  the 
igneous  rocks  statistically,  we  shall  find  that  in  the  average  Uiey 
contain  the  following  minerals: 

Feldapan 53. 5 

HcHnblende  and  pyroxene 16.8 

Quaitz 12.0 

Biotite 3.8 

Tituunm  minenbi 1.5 

Apaliln 6 

94.2 
The  less  abundant  rock-forming  minf^als  will  make  up  the  remain- 
ing 5.8  per  cent.'  The  computation  is  by  no  means  exact,  but  it  ' 
scares  to  illustrate  the  relative  importance  of  the  several  groups  or 
species.  Feldspars  predominate,  the  ferromagnesian  minerals  come 
next  in  abundance,  then  quartz,  and  after  that  all  other  species  as 
minor  accessories.  This  statement,  it  must  be  borne  in  mind,  deals 
with  averages  only.  Individual  rocks  may  contain  some  of  the  less 
frequent  minerals  as  principal  constituents,  such  as  olivine  in  the 
pendotites,  nepheliue  or  leucite  in  certain  syenites  or  basalts,  and  so 
on.  The  moment  we  begin  to  study  rocks  separately  we  shall  see 
that  they  vary  widely  from  the  mean. 

1 A  jomawlut  diOanut  otlmata  b  giTsn  by  n.  B.  WuUngloD  In  Prof.  Pivv  U.  e.  OeoL  Snrray  No.  14, 
UOS,  p.  UU.    Its  gaxnt]  purport  b,  howevar,  mu£li  Uu  same  ai  mhst. 
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Being  mixtures,  the  igneous  rocks  represent  an  almost  infinite 
range  of  composition.  The  minerals  which  are  capable  of  simul- 
taiLeous  generation  from  a  magma  may  be  commingled  in  various 
proportions.  Rocks,  therefore,  are  not  sharply  classifiable  upon  the 
basis  of  their  composition,  for  they  shade  into  one  another  through 
all  possiUe  gradations,  and  are  separable  by  no  precise  dividing  lines. 
A  mineral  is  a  distinct  stoichiometric  compound;  a  rock,  except  when 
it  happens  to  consist  of  one  mineral  alone,  is  not.  Mineralogically 
a  rock  may  be  quartz,  or  olivine,  or  hornblende,  or  pyroxene,  witli 
very  little  impurity;  but  these  are  the  exceptional  cases.  MixturM 
of  two  or  more  components,  in  variable  proportions,  form  the  rule. 

Certain  mixtures,  however,  are  much  more  common  than  others 
and  are  represented  by  widely  diffused  and  abundant  rock  types. 
Granite,  for  example,  is  a  mixture  of  quartz  and  feldspar,  with  sub- 
ordinate ferromagnesian  minerals,  and.  samples  from  different  parts 
of  the  world  are  surprisingly  similar.'  Absolute  identity  is,  of  course, 
out  of  the  question;  but  the  approximation  to  it  is  close  enou^  to 
mark  out  what  we  may  regard  as  a  good  rock  species.  Upon  uni- 
formities of  this  kind  the  prevalent  daaaifications  of  the  igneous 
rods  are  based.  The  more  frequent  mixtures  form  the  familiar 
types,  and  under  them  there  appear  an  indefinite  number  of  varieties, 
representing  minor  differences  of  composition,  intermediate  forms, 
modes  of  occurrence,  textures,  genetic  relationdiips,  or  even  geologic 
age.  With  some  of  these  criteria  we  have  no  present  concern;  only 
ihe  chemical  aspects  of  rock  classification  fall  within  the  scope  of  this 
work.  Other  considerations  have  much  weight,  of  course,  bat  it  is 
not  the  province  of  the  chemist  to  discuss  them. 

CIiASSIFZCATION. 

From  a  chemical  point  of  view  the  igneous  rocks  may  be  classified 
in  three  different  ways.  First,  on  the  basis  of  their  ultimate  compo- 
sition. Second,  by  their  proximate  units,  the  minerals  which  they 
contain.  The  latter  procedure  is  at  present  most  in  v<^ue,  but  the 
first  method  has  strong  advocates  and  may  possibly  prevaiL  In  the 
third  place  we  can  start  from  the  conception  of  a  magma  as  a  solu- 
tion and  regard  the  eutectic  mixtures  as  the  definite  types  wiUi  which 
the  igneous  rocks  shall  be  compared,  tiet  us  consider  ike  three 
propositions  separately. 

At  first  sight  the  mineralogical  classification,  a  classification  by  the 
compounds  which  a  rock  actually  contains,  would  seem  to  be  the 
simplest  and  most  reasonable.     In  practice,  however,  it  is  beset  with 

i&iB.  A.  Daly's  papar  on  ths  average  oompoaltlcm  of  I^IMUS  rock  t;p«a,Fro().  Am.  AokI.,  vtri.  41, 1911), 
p.SllrthechiateTlngof  aiia]yaeBaroimd"oantcii'poliit3"l9  5lranffl7eznpliBaiud-  Fcr  the  ftnnfe  dpedflc 
giBTf^  (drocka,  Dcosldvad  giotqi  by  grnap,  an  7.  BeCke,  SItnuiKsb.  E.  Akid. 'THk  Wlm,  ToL  130,  AbdL 
1,  p.  3U>,  1811.   The  avence  speclflc  gravity  d  B98  Igneoiu  loCka,  conomUd  by  F.  V,  ClaAtv  !■  3.T3T. 
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dif&ciiltiee.  A  perfectly  fresh,  unaltered,  entirely  cryataDine  rock  is 
easy  to  deacribe  on  this  basis;  but  all  rocks  do  not  fulfill  iheea  con- 
ditions. In  some  rocks  the  minenlt^cal  development  is  obscure,  so 
that  essential  constituents  can  not  be  clearly  defined.  In  others  the 
development  is  incomplete,  a  certain  amount  of  undifferentiated  glass 
remaining  to  comphcate  the  problem.  We  can  infer  in  such  cases 
what  minerals  should  form  if  the  devitrifying  process  were  ended; 
but  our  inferences  may  not  be  conclusive.  In  some  instances  sup- 
posed glass  has  proved  to  be  analcite,  and  misapprehensions  of  that 
order  are  not  easily  avoided.  This  objection,  of  course,  carries  little 
weight,  for  any  classification  is  liable  to  be  influenced  by  errors  of 
diagnosis.  Only,  other  things  being  equal,  that  classification  is  best 
in  which  the  liabilities  to  error  are  fewest.  The  fundamental  diffi- 
culty of  all  is  inherent  in  the  nature  of  our  problem;  for  in  dealing 
with  mixtures  it  is  not  easy  to  establish  dividing  lines,  and  to  decide 
on  which  side  of  an  ima^ary  boundary  a  given  rock  should  be 
placed.  Tliis  difficulty,  which  chiefly  aSocts  our  judgment  in  dealing 
with  intermediate  forms,  exists  in  all  rock  classifications.  It  con  only 
be  overcome  by  conventional  devices,  which  must  be  more  or  lees 
arbitrary. 

Some  of  the  difficulties  which  obstruct  a  mineralogical  classification 
are  avoided  by  the  purely  chemical  system.  The  latter  rests  upon 
supposedly  good  analyses  of  rocks,  and  the  molecular  ratios  deduced 
from  the  analytical  data  are  the  ultimate  mteria.  Good  analysea  are 
easily  obtained ;  their  discus^on  involves  no  questionable  hypotbeeee, 
and  their  classification  is  comparatively  simple.'  But  is  a  classifica- 
tion of  analyses  a  classification  of  rocks  t  That  question  needs  to 
be  considered  very  carefully. 

In  the  first  place  a  rock  mass  may  be  a  perfectly  definite  petro- 
graphic  unit  and  yet  not  be  homogeneous.  In  fact,  the  presence  of 
se^iarately  distinguishable  ounerals  in  it  is  evidenoe  of  heterogeneity. 
Suppose,  now,  that  two  analysts,  equally  competent,  receive  samples 
of  a  given  rock  taken  from  the  same  quarry  by  two  different  col- 
lectors. In  one  sample  the  phenocrysts  of  a  certain  mineral  are  a 
little  more  numerous  or  a  little  larger  than  in  the  other.  The  two 
analyses  will  therefore  divei^,  and  the  same  rock,  because  of  their 
dissimilarities,  may  be  classified  under  two  distinct  headings.  Evi- 
dently, in  such  a  case,  something  more  than  analysis  is  needed  in 
order  to*  define  the  nature  of  the  substance  under  examination. 
Chemically  at  least  the  nature  of  the  substance  is  the  essential  thing 
to  be  determined;  and  therefore  both  chemical  and  mineralogical  evi- 
dence must  be  taken  into  account  together.  According  to  its  nature 
the  substance  is  to  be  classified. 


422  THE  DATA  OP  GEOOHEMIBTSY, 

The  interdependence  of  th«  two  scliemes  of  clBssLfication  can  be 
broT^ht  out  in  stiU  another  way.  It  is  a  commonplace  of  chemistiy 
that  two  or  even  many  substances  may  have  absolutely  the  same 
percentage  composition  and  yet  be  very  difFerent  in  their  molecular 
stracture  and  physical  properties.  Methyl  oxide,  for  instance,  is  a 
gas;  ethyl  alcohol  is  a  liquid;  and  yet  both  compounds  are  accu- 
rately represented  by  the  same  empirical  formula,  C^H/).  "Nor  is 
this  an  exceptional  case,  for  organic  chemistry  takes  cognizance  of 
similar  examples  by  the  thousand.  The  differences  are  ascribed  to 
different  arrangements  of  the  atoms  within  the  molecule,  and  the 
substances  which  exhibit  this  empirical  identity  are  said  to  be 
isomeric. 

Similar  instances,  although  not  so  sharply  defined,  and  by  no 
means  so  clearly  interpreted,  are  found  in  mineralogy.  The  pyroxenes 
uid  amphiboles,  for  example,  have  in  general  the  same  molecular 
ratios,  while  enstatite  uid  anthophylllte  are  alike  in  ultimate  com- 
po^tion.  Amphiboles,  by  fusion  alone,  are  transformable  into  pyrox- 
enes, and  the  reverse  change  takes  place  when  pyroxene  is  altered  into 
uralite.  Two  rocks,  then,  alike  in  composition  as  shown  by  analyda, 
and  m^matically  identical,  may  be  quite  different  mineralo^cally, 
the  one  containing  amphibole  and  the  other  pyroxene.'  Analytical 
data  will  lead  us  to  class  them  tt^ether;  mineralo^cal  considerations 
place  them  apart.  This  is  a  simple  case,  but  as  rocks  become  more 
complex,  the  chances  of  pseudoidentity  increase,  and  mixtures  that 
are  veiy  unlike  may,  as  interpreted  by  analysis  alone,  appear  to  be 
the  same.  Even  when  the  analyses  show  empirical  differences,  the 
molecular  ratios  may  become  identical,  and  therefore  deceptive. 
Mere  analysis,  then,  does  not  fumish  a  complete  basis  for  rock  iJassi- 
fication.  It  takes  us  one  step  toward  the  goal,  but  other  steps  must 
follow.  The  chemical  constitution  of  a  rock,  as  indicated  by  its 
proximate  ii^redients,  is  fully  as  important  a  factor  in  its  classi- 
fication as  its  ultimate  composition. 

Two  su^estions,  intended  to  be  helpful  in  at  least  a  partial  classi- 
fication of  igneous  rocks,  may  be  noticed  briefly  here.  A.  N,  T^n- 
cheU*  proposes  to  divide  the  rocks  into  three  classes,  peralkaline, 
alkaline,  and  alkalcic.  The  first  class  includes  such  rocks  as  the 
nepheline  syenites,  which  contain  a  high  proportion  of  alkalies.  The 
second  class  comprises  those  which  are  characterized  by  feldspathic 
minerals.  In  the  third  class  are  placed  the  rocks  which  arq  deficient 
in  alkahes.    The  other  suggestion,  by  S.  J.  Shand,'  provides  for  two 

■  Forcxanipla,  H.  Andesuei  (Nea«  Jahrb.,  Bell.  Band,  vol.  30, 1910,  p.  MT)  fused  gihonibleDdltaoaD- 
t&inlng  pila^Hllf  hornblBnds,  and  sonu  loblte,  qoarti,  ratQc,  and  apatttt.  Tha  pradoot  had  tha 
diBiacler  o[  a  bault,  with  micraaoopic  cryatals  of  magiutlM,  auglte,  and  plaglaclan. 

■  Jour.  Ocotogy,  vol.  31,  p.  206, 1013. 

•  0»1.  Itte.,  1S13,  p.  KH.  A  crlttobm  by  A.  Soott  b  Id  tba  nine  Joonul  lor  IB14.  p.  SIS,  toUomd  hj  a 
laply  from  ahaod,  p.  485. 
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main  dasseB,  which  he  calls  saturated  and  unsaturated  rocks.  Un- 
Batnrated  nunerals,  which  characterize  t^e  letter  class,  are  those 
which,  like  nepheUte  and  olivine,  are  capable  of  taking  up  more 
silica,  forming  feldspar  and  pyroxene.  Rocksin  which  such  minerals 
are  conspicuous  are  called  unsaturated.  The  saturated  minerals  aixd 
rocks,  obviously,  are  those  in  which  no  more  silica  can  be  assimilated 
by  the  silicates;  and  also  those  in  which  free  silica  appears.  These 
classifications,  of  course,  do  not  claim  completeness,  but  are  offered 
as  starting  points  from  which  the  detiuls  may  be  developed. 

The  classification  of  igneous  rocks  on  the  basis  of  eutectio  xoixtures, 
advocated  by  G.  F.  Becker,*  is  of  a  different  order  from  either  of  the 
other  systems.  Hocks,  considered  in  the  mass,  are  variable  commin- 
ghnga  of  minerals;  but  the  eutectics,  being  definite  mixtures,  may  be 
taken  as  the  standard  types.  From  this  point  of  view,  the  ground- 
mass  of  a  rock  becomes  its  most  characteristic  feature,  and  the  pheno- 
crysts  are  odIj  the  accidental  excesses  of  one  constituent  or  another 
over  the  eutectio  ratio.  The  importance  of  this  principle  has  been 
already  discussed  in  a  previous  chapter,'  and  its  application  to  petrog- 
raphy is  foreshadowed  in  the  writings  of  Guthrie,  Lagorio,  Teall, 
Lane,  and  Vogt.'  That  magmas  and  the  products  of  their  solidifica- 
tion must  be  studied  on  physicochemical  lines  is  generally  admitted, 
and  a  eutectic  classification  would  seem  to  follow  naturally  from  that 
kind  of  investigation.  At  present,  however,  eath.  a  classification  is 
only  a  matter  of  theory,  and  its  effectiveness  can  not  be  tested  until  a 
reascmable  number  of  eutectics  have  bsMi  identified  and  described. 
Teall,  Lane,  and  Vogt  all  ^ree  in  thinlring  that  microp^matite  is  a 
eutectic  mixture  of  quartz  and  feldspar,  and  Vc^  has  gone  still 
further  in  the  development  of  probabilities.  In  a  recent  memoir  *  ho 
has  sought  to  show  that  a  lai^  number  of  eruptive  rocks  fall  into  two 
classes,  which  he  terms  "anchi-eutektische"  and  "  anchi-monomine- 
ralisidie";  that  is,  nearly  entectic  and  nearly  composed  of  one  mineral 
alone.  Under  the  latter  heading  fall  those  anorthosites,  pyroxenites, 
peridotitee,  etc.,  which  happen  to  consist  of  single  minerals  to  the 

iTrnD^-Orstijui.  Bq>t.n.  S.  0«sl.  aiiTTV,pt.I,lBai,p.  sit.  BoIaM*,  UtMr.,TgLia,l(«,p.lUIO. 
Pgb.  CKiMEla  luat  Wuhlnglou  So.  It. 

•  Bm  into,  Clufila  IX,  p.  301. 

*  F.  aotbrlB,  FhlUB.  llag., tlh  tK.,y<i.tO,  18TB,  p.  20.  i.  Lw>li).  Uln.  pet.  Uttt, tdL  S,  1887,  p.  421. 
T«D,  Brltfahpato)gnpliT.1888,pp.Sin-40Z.  A.C.Lwe,  Joiir.Q«(>locy,Tol.lZ,lt»,p.83.  J.B.L.Voct, 
Dig  BOIblBChmaliUlmigai,  pt.  1,  IMS,  pp.  101-107;  pt.  2,  ItOI,  pp.  IIS-US;  *iid  Uln.  pet  Mltt^  toL  3S, 
lt0fl,p.3SI.  LatB-dJMiUBkiiHoItliesnbltotanby  H.E.IotLanmon,  Qui.  FenD.F0ili«tidl.,TDL27,ltOS, 
p.  lis;  8.  ZcmOmir  uid  F.  LomrliiK>o-L«aBliig,  0«oL  Cntnlbl.,  toL  8,  ISOe,  p.  J93;  and  A.  Bndftt,  Boll, 
a«ol.IOit.lTpnU,TaL7,lgae,p.  1.  BomB  dlfflciiltlM  In  tht  wig  rf  m  tulaotle  dMlflnrtlon  hive  bum 
(tarly  pointed  out  by  W.  Cioi  In  Qturt.  Jotu.  Otol.  Soo.,  toI.  M,  ISIO,  pp.  18S-US. 

<  Nonk  OeoL  TIdnb.,  tdL  1,  No.  3,  ISOE;  md  Vldmlk.  SclakabaCs  BtoUlir,  l£kth^D«t.  Zi^K,  IM^ 
No.to.   VccriiwnMCieatnr*iac(«*tstta>ttlielciMoiui<Mk3ml^tbel»Wlyd<acrlbedbytlie«d]estiTM 

unlotanpoDCDt,  bIcompmMDt,  bisoDpamnt,  and  panlNy  moltlocmpoM 

tbalr  priiKl]M]  ooiaUtaaDti  *nd  rtcvdlne  imall  •moontt  ol  ■ccoaocy  m 
daralflcaUan  It  voald  be  nentaiy  to  leiinl  ImiMtpluiQi  Dtlitam,  like  the  pi 
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extent  of  90  par  cent  or  more.  The  nearly  eutectics  he  Ulustratoe 
chiefly  hy  the  mic^opegmatitea.  The  su^ested  eutectics,  howeTeor, 
are  not  yet  fully  established;  and  the  proposed  dassification  can  not 
be  attempted  until  much  mwe  e:q>erimental  work  has  been  done. 
Its  difficulties  will  be  chiefly  manif  eat  in  dealing  with  multicomponent 
systems;  and  to  anything  beyond  a  three-component  group  of  min- 
erals its  application  may  be  impracticable.  Its  units,  it  must  be 
observed,  are  those  of  the  mineralogical  system,  with  whic^  it  is  much 
more  nearly  allied  than  with  the  classifloation  by  radicles  or  oxides. 
The  dassification  by  analyses  deals  with  the  latter,  the  mineralogical 
method  with  the  compoimds  which  actually  appear  to  the  eye.  To 
a  considerable  extent  the  three  systctms  lead  to  the  same  grouping  of 
rocks,  and  it  remains  to  be  seen  whetlier  the  study  of  the  eutecUcs 
may  not  bring  both  physical  and  chemical  data  still  more  into  har- 
mony. In  a  complete  claesiflcation  the  systems  ^ould  convei^,  each 
one  to  the  reinforcement  of  the  others.  The  prevalence  of  a  few 
clearly  marked  rock  types  may  perhaps  be  explained  when  the 
eutectic  mixtures  are  known. 

Now,  recognizing  the  fact  that  all  classifications  of  the  igneous 
rocks  are  at  present  more  or  less  arbitrary,  let  \i8  consider  the  two 
available  systems  together.  We  may  also  take  into  account  a  very 
rough,  provisional  classification  of  the  rocks,  which  serves  a  certain 
descriptive  purpose  in  helping  us  to  avoid  verbiage.  I  refer  to  the 
division  of  rocks  into  two  classes,  namely,  the  "  basic"  and  the  "  acid," 
to  which,  if  it  were  valid,  a  third  "neutral"  group  should  be  added. 
These  terms,  as  used  by  petrographeis,  have  little  more  than  collo-. 
quial  significanoe,  and  serve  to  indicate  whether  a  rook  contains  much 
or  little  sihca.  They  are,  however,  objectionable  and  possibly  mis- 
leading, for  the  two  terms  as  used  in  chemistry  have  a  more  precise 
and  quite  different  significance.  Their  fallaciousness  can  be  illus- 
trated by  considering  the  composition  of  the  two  fundamental  olivines, 
forsterite  and  fayaUte,  Ik^SiO*  and  Fe^SiO^. 


Comporitio 

n  o/fonu 

riu  andfayaliU. 

Foretarlte. 

FByiUte. 

SiO,       

42.8 
57.2 

loao 

loao 

Here  are  two  definite  ordiosihcates  of  the  same  simple  type  which 
replace  each  other  isomorphously.  Chemically  they  are  both  neutral 
salts,  and  yet  one  contains  13.3  per  cent  more  silica  than  the  other. 
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The  temiB  acid  and  basic  are  here  obviously  inapplicable,  and  the 
case  cited  is  but  one  of  many.  It  is  desirable,  then,  that  the  two 
terms  should  be,  generally  speaking,  dropped  from  petrt^raphic 
usage  and  replaced  by  others  which  do  not  conflict  with  good  chemical 
nomenolature.  Acidic  and  haaylic  might  be  better;  but  a  closer  sub- 
division would  be  effective  by  using  the  self-explanatory  expressions 
peraUicic,  medioaUicic,  and  subsUicic.  Conventionally  these  terms 
might  represent  sUica  percentages  of  more  than  60,  between  50  and  60, 
and  bdow  50.  A  more  precise  definition  is  undesirable.  Another 
alternative  is  offered  by  the  words  aaiie,  aalfemie,  and  ferny;,  which 
appear  in  a  classification  of  rooks  to  be  considered  presently.  A  few 
rocks,  oonsiatiog  mainly  of  oorundum  or  magnetite — that  is,  of  basic 
oxides — may  be  properly  termed  basic.  These  are  the  only  important 
exceptions  to  the  rule  here  laid  down.  A  quMtz  rock,  obviously, 
would  be  in  the  highest  degree  persilicic. 

In  the  volume  upon  the  "Quantitative  classification  of  igneous 
rooks,'"  by  W.  Cross,  J.  P.  Iddings,  L.  V.  Pirsson,  and  H.  S.  Wash- 
ington, the  first-named  author  has  given  a  very  fuD,  critical  summary 
of  the  different  systems  of  rock  dassifioation  which  had  been  seriously 
proposed.  To  discuss  all  of  these  systems,  with  their  nonohemical 
features,  would  be  impracticable  in  a  work  on  geochemistry,  and  also 
superfluous,  for  the  details  ore  easily  found  elsewhere.'  It  wiU  be 
enough  for  present  purposes  to  examine  the  scheme  of  arrangement 
offered  by  the  authors  of  the  book  just  cited  and  to  see  how  nearly  it 
corresponds  with  the  evidence  offered  by  mineralogy.  It  is  the 
most  complete  scheme  of  its  kind  that  has  as  yet  been  suggested  and 
the  one  most  thoroughly  worked  out;  it  therefore  deserves  a  very 
careful  consideration. 

The  quantitative  classification  starts  from  the  chemical  analysis  of 
a  rock,  and  begins  with  a  division  of  the  magmas  into  two  groups, 
the  salic  and  the  femic.  The  rock-forming  minerals  are  similarly 
(Uvided  into  two  principal  classes;  the  one,  as  its  name  indicates, 
being  characterized  by  compounds  of  «iUca  and  oZumina,  and  the 
others  by /erro-magnesian  substances.  Between  the  two  groups  of 
minerals  there  is  an  intermediate  alferric  group,  which  is  given 
subordinate  value  in  the  classification.    The  salic  minerals,  including 

■  CUacOjUnfrantty  of  Chloi(o  Pna,  1903, 

1  Among  the  modeni  chailflmtlom  tha  bllovlnc  an  apecWly  Inportant:  H.  Roaaubawli,  £l«nuale 
derQNtalnalBtin.UM.p.Se.  J.  J. H. TmU, Biitlih petragnfihr,  ISSB, pp. 70-17.  F.  Lovirliuai^LeaslDS, 
Cimipt.Taid.  VnCoii«.g«oLlDt«nut.,  lW7,p.  193.  A.  Onim,  Mln.  pet.  lUtt.,  vol  IB,  IMO,  p.  8S1;  tuI. 
K),  Itni,  p.  3W;  vol.  11, 1«aa,  p.  KS;  vol  23, 1903,  pp.  3X1,  403.  Omm's  intom  li  dlatiDCtly  chsmlcal;  tha 
othanaramloinlogloBl.  SeBubotha  "KaiTtUioorIe"of BoMmtnuch  CMln.pet.  lUtt.,vaL  11, 19Q0,p.  144) 
^rt>lBhll>ol»<nUa*lcl»i»tno»tlono(m^niM,aiidth«dlaouMkmo)itbr'W.C.Brtigtar,PlaErnptlvg«aUlna 
imSl)HhaSaeibMm,Vt.  1,  lgBg,p.3a3.  A  papar  bj  E.  Bommerlaldt  (CantnlbL  Wn.,  OaoLo.  PiL,  1907, 
p.  3)  rehtw  to  apirt attha  Ronubiuch  thaory .  Racent  papen  on  clasdOcaUan  >ra  by  F.  H.  Eatoli,  Sci. 
PtognM,Oct.,im;  A.Sahiniitks,C«itnlbLUlii.,OaaLu.  Fal.,1910,p.  lS^W.Cn)M,Qavt.I<Nii.O«aL 
Boo,  ToL  OS,  leiO,  p.  47in  nd  Am.  Jour.  ScL,  4tli  av.,  ToL  S9,  IBU,  p.  «S7. 
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zircon  as  an  accessory,  are  as  follows  (the  symbols  used  for  pur- 
poses of  notation  accompany  the  names  of  the  species): 

Quartz,  SiO, Q. 

Zircon,  ZrO,.8iO, Z. 

Corundum,  Al,Oj 0. 

Orthodaae,  EjO.A],0,.6SiO, or.) 

Albito,  Na,O.Al30,.6SiO, »b.| F, 

Anorthite,  CaO.AljO,.2SiO, an.J  Feldipaw. 

Leudte,  KjO.Al,Oj.48iO, Jc.l 

NepheUte,  Na,O.Al,0,.28iO, n«.  , 

Noeelite,  2(Na,O.Al,0,.28iOj)-Na^O,. ..  no.J 
Mineralogioallj,  muscovite,  analcite,  haOynite,  and  cancrinite 
should  appear  in  this  list;  but  they  are  omitted  in  order  to  simplify 
calculations.  MuBCOvita,  for  instance,  in  computing  the  mineral  com- 
position of  a  rock,  is  conventjonally  regarded  as  if  it  were  a  mixture 
of  orthoclase  and  corundum.  Analcite  is  treated  in  a  similar  man- 
ner and  represented  by  a  mixture  of  albite,  nephelite,  and  water. 
One  consequence  of  this  procedure  is  tiiat  the  normative  composition 
of  a  rock,  as  calculated  from  the  minerals  given  in  the  list,  often 
variee  from  Its  actual  or  modal  composition.  A  rock  oontaining 
quartz,  orthoclase,  and  muscovite  would  be  represented  by  a  norm  of 
quartz,  orthoclase,  and  corundum,  with  the  water  of  the  muscovite 
left  entirely  out  of  oonsideratitm.  The  conventional  composition  of  a 
rock,  ita  norm,  may  be  quite  unlike  its  actual  composition  or,  in  the 
nomenclatiure  of  the  new  system,  its  mode.  This  method  of  computa- 
tion, thai,  does  not  profess  to  represent  mineral  compositions  exactly; 
and  there  is  therefore  danger  that  in  certain  cases  it  may  be  mislead- 
ing— that  is,  if  itfl  avowed  limitations  are  not  kept  constantly  in 
mind.  In  rocks  like  ^e  mixture  cited  above  corundum  does  not 
normally  occur,  as  may  be  seen  from  the  experiments  by  Morozewicz 
described  in  the  preceding  chapter.  The  intentional  vaiiation  from 
reality  is  simply  an  evasion  of  the  difficulties  which  often  arise  in  cal- 
culating from  the  analysis  of  a  rock  its  mineral  composition.  As  a 
mathematical  device  it  is  perhaps  le^timate,  but  it  must  not  be  mia- 
interpreted. 

The  group  of  femic  minerals,  as  its  name  indicates,  is  dominantly 
ferromagnesian,  but  not  exclusively  so.  The  species  recognized  in 
the  classification  as  standard  are  as  follows: 

Acmito,  Na,O.Fe,0,.4SiOj ac. 

Sodium  metasUicate,  NsjO.SiO, ns. 

PotaoEium  metaBilicate,  E,O.SiO, ks. 

Diopdde,  C»O.CMgFe)0.2SiO, di.     ^■ 

Wollaatoiute,  CaO.SiOg wo. 

Hyperelhone,  (MgFejO.SiOj hy. 


1  Froia  tooelM  tod  w 
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OIiTine,  2(MgFe)O.SiO, ol. 

Akenmuiite,  4Ca0.3SiO, 

Hignetite,  FeO.Fe,0, 

Chromite,  FeO.CT,0, 

Hematite,  Fe,0, hm. 

nmenite,  FeO.TiO, U. 

Titwiite,  CWO.TiO,.SiO, to. 

Panrfarita,  CftO.TiO, p(. 

Rutile,  TiO, ni. 

Apatite,  3(3C(iO.PA)-f-»Fi »P- 

Fluorite,  CaF, fr. 

Caldte,  CaO.CO, cc. 

Pyrile,  FeS, pr. 

Native  tDelala  and  otlier  metallic  osidee  and  milphidea. 

Hwe,  as  with  the  salic  minerals,  certun  conventions  have  been 
adopted.  The  two  metaailicates  of  sodium  and  potassium  do  not  exist 
as  independent  mineral  epecies,  but  appear  as  possible  components  of 
certun  pyroxenes  and  ampbibolee.  The  two  lastr-named  groups, 
moreoTer,  are  not  separately  identified  in  the  table,  but  are  repre- 
sented by  the  minerals  embraced  under  the  general  symbol  P.  The 
aluminous  ferromagneeian  and  salic  minerals,  the  alferric  compoimds 
biotite,  garnet,  tourmaline,  melihte,  spinel,  and  the  aluminous 
pyroxenee  and  ampbibolee  are  not  taken  into  account  as  normative  or 
standard  species.  In  computing  the  norm  of  a  rock  they  are  treated 
as  mixtures  of  othef  molecules  by  devices  like  those  adopted  in  the 
salic  division.  From  the  norm  the  mode  can  be  approximately  cal- 
culated by  methods  which  are  fully  discussed  in  the  "Quantitative 
dasfflfication." ,  An  example  of  the  differences  which  thus  appear 
may  be  cited  from  the  discussion  of  Butte  granite,  on  pages  223-225  of 
that  work.  Under  norm  is  pven  the  composition  in  stajidard  or  con- 
ventional minerals  and  under  Tnode  the  percentages  of  the  species 
actually  present  in  the  rock. 

Compoiition  o/ButU  granitt. 


Qaarti 19.38 

OrthoclaMS 2S.02j 

Albite 23.68166.67 

Anorthite 18.07) 

Biopaide ^^  7  41 

Hyperethene 6.781 

Magnetite '"H  4  zi 

Ilmenite 1.22J  '■ 

Pyri*« «i      55 

Apatite 31( 

Etc 99 

99.27 


Quartz 22.86 

Orthoclase 18.351 

Albite 23.06l68.» 

Antathito 18.68! 

Biotite 10.921 

HomblKide 3.66^'^  " 

Magnetite 1.861 

nmwiite 461  ^"^ 

Py'to 241      56 

Apatite 31( 

Etc 8S 

99.16 
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The  dive^ence  between  conTention  and  reality  is  evident  at  a 
glance.  In  many  cases,  however,  the  nonn  and  mode  of  a  rock  are 
practically  identical,  and  then  the  standard  computation  is  more 
satisfactory.  The  normative  and  actual  minerals  may  or  may  not 
be  the  same.  Some  discrepancies,  however,  exist,  to  which  much 
weight  can  not  be  given.  In  calculating  the  percentage  of  a  mineral 
from  the  proportions  of  oxides  shown  by  analysis  there  is  a  strong 
tendency  toward  the  multiplication  of  errors.  Almuina,  for  instance, 
is  often  imcertain,  at  least  in  ordinary  analyses  of  fair  average  quality, 
by  as  much  as  one-half  of  1  per  cent.  This  amount  corresponds  to  an 
error  in  orthoclase,  if  all  the  alumina  goes  to  that  mineral,  of  2.7  per 
cent,  and  the  variation  entrains  others,  especially  in  the  estimation 
of  the  residual  quartz.  The  computed  mineral  composition  of  a  rock 
is  incorrect  by  multiples  of  the  errors  existing  in  the  analysis,  and 
these  may  be,  in  fact  are,  sometimes  laige. 

The  normative  or  standard  minerals,  then,  so  far  as  the  make-up  of 
a  rock  is  concerned,  are  partly  real  and  partly  conventional.  They 
are,  however,  quantitative  in  apphcation  and  give  uniformity  to  the 
discussion  of  rocks.  Upon  them  the  quantitative  classification  is 
founded. 

First,  all  igneous  rocks  are  divided  into  five  clasaea,  which  are 
fixed  within  certain  arbitrary  limits  by  the  ratios  between  the  salic 
and  femic  minerals.    These  classes  are  as  follows: 

I.  Persatane:  Extremely  Mlic "^~>~r 

II.  DoBftlane:  Domiiuuitly  aUic ""^^T"^^ 

III.  SaUemane:  Equally  salic  and  femic '  lem"  ^~3~''^~5' 

IV.  Dofemane:  Dominantly  femic — j <-=->-„- 

V.  Perfemane:  Extremely  temic 'fern   ^"T" 

That  ia,  the  field  between  an  entirely  sahc  rock  and  one  entirely 
femic  is  divided  into  five  parts,  each  representing  a  definite  range  of 
variation.  A  rock  contaiiuug  more  than  seven-eighths  of  salic  min- 
erals to  one-eighth  femic  is  in  the  class  persalane;  one  with  less  than 
seven-eighths  salic  to  more  than  three-eighths  femic  falls  imder 
dosalane,  and  so  on.  A  granite,  for  example,  containing  over  87.5 
per  cent  of  quartz  and  feldspar  is  placed  in  Class  I;  a  peridoUte 
with  over  87.5  per  cent  of  femic  minerals  belongs  in  Class  V.  Many 
basalts,  gabbros,  diorites,  etc.,  contain  salic  and  femic  compounds  in 
nearly  equal  proportions,  and  are  therefore  in  Class  III.  From  the 
norm  of  s  rock  its  class  can  be  determined  at  once,  and  in  many  cases 
a  mere  inspection  of  the  analysis  is  sufficient.    The  two  extreme 
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classes  occupy  eacb.  one-oigh.th  of  the  field;  the  other  dassea  divide 
the  remaiuing  Bix-eighths  between  them. 

The  division  of  claaaee  into  avbdasaes  is  based  upon  a  previous 
division  among  the  standard  minerals  themselves.  Thus  the  salio 
minerala  are  grouped  as  quartz,  Q;  feldspar,  F;  lenads,  or  feld- 
Bpathoids,  L;  corundum,  C;  and  zircon,  Z.  Q,  F,  and  L  are  placed 
ti^ther  as  one  subclass;  C  and  Z  as  another.  In  the  femic  series 
we  have,  first,  pyroxenes,  F;  olivine  and  &kermanite,  O;  with  the 
group  of  iron  ores  and  titanium  minerals,  M;  and,  second,  the  acces- 
sories apatite,  fiuorite,  pyrite,  etc.,  repreeented  by  A.  In  Classes  X 
to  III  the  subdivision  is  effected  through  the  ratio  QFL  to  CS  by  the 
same  fivefold  process,  one-eighth,  two-eighths,  and  so  on,  as  in  the 
formation  of  classes  themselves.  In  Classes  IV  and  V,  the  dofemic 
and  peifemic,  the  ratio  POM  to  A  is  used  in  precisely  the  same  way. 
There  are  therefore  twenty-five  subclasses,  but  the  vast  majority  of 
igneous  rocks  belong  to  the  first  subclass  in  each  class,  "niese  are 
indicated  by  the  egressions — 


QFL^7     ,POM^ 


the  minerals  thus  given  prominence  being  those  which  make  up  the 
greater  part  of  the  lithosphere.  Rocks  in  which  C,  Z,  or  A  abotmd 
are  not  common,  and  ^ir  distribution  or  volmne  ia  extremely 
limited. 

Mtee  the  subdasses  come  the  orAtra,  which  are  formed  according 
to  the  proporticois,  in  the  rocks,  of  the  preponderating  minerals.  In 
Classes  I  to  III  the  salic  minerals  are  used  as  a  basis  for  subdivision, 
and  the  ratios  connecting  Q,  F,  and  L  are  alone  considered.  Quartz 
and  the  lenads,  however,  are  chemically  antithetic,  and  do  not  occur 
together;  and  this  leads  to  a  doubling  of  the  ordinary  fivefold  divi- 
aoQ.  of  a  class,  with  one  term  dropped  out.  That  is,  each  dass  is 
divided  into  nine  orders;  if  there  were  ten,  the  fifth  and  sixth  would 
practically,  although  not  absolutdy,  repeat  each  other.  These  orders 
are  as  foUows: 

Q        7 

L  Fetquaric:  Quarts  extreme ^>-^ 

F         1 

Q         7       6 

2.  Doqtiaric:  Quarts  dominaiit. — —~C — ^> — 

F        X       8 
Q         6       3 

3.  Qoarfelic:  Eqtial  quartz  and  feldnisr — — -< — ^>— 

F         3       5 
Q         3       1 

4.  Qoardofelic:  Feldspar  dominant — - — < — ^>^ 

F         5       7 
Q«L  1 

5.  PcEfelic:  Feldspar  extreme < — 
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e.  Lendofelic;  FeldRpar  (tomiuuit - 

7.  Lenfelic:  Equal  feldapK  and  lonad - 

S.  Doleoic:  Lenadd 


9;   Ftflftiiic:  Lenad  oxtzeme ^>^ 

F         1 

In  CloaBea  IV  and  V  the  femic  ratio  P+0  :  M  is  used  to  deognate 
the  orders.    They  are: 

P+O        7 

1.  Perpolic:  Silicate  exti«m« '>— 

Ml 
P+O        7       fi 

2.  Dopolic:  Silicate  dominant 

P+O 

3.  Folmitic:  Silicate  and  nonBiiicate  equal 

P+O 

4.  Domitic:  Nonailicate  domiiunt • 

M  Of 

P+O        1 

6.  Fecmitic:  Nonsilicate  extzeme ■ <— 

U  7 

In  orders  1  to  3  there  is  also  a  predaoly  Bimilar  fivefold  division 
into  sections,  which  indicate  the  proportions  between  pTToxenes  and 
the  olivine  subgroup.  In  orders  4  and  5  a  like  subdivision  into  sub- 
orders is  based  upon  the  ratio  H  :  T,  hematite  {Jus  magnetite  on  the 
one  hand  and  the  titanium  minerals  ilmenite,  titanite,  perofskite, 
and  rutile  on  the  other.  It  is  not  neceeeary  for  present  purposes  to 
carry  these  subdivisions  out  in  detail,  for  the  ratios  are  expressed  by 
precisely  the  same  fractions  as  appear  in  the  classes  and  orders. 

Up  to  this  point  the  quantitative  classification  has  been  mineral- 
ogical,  and  expressed  in  terms  of  the  standard  or  normoHve  minerals. 
The  division  of  orders  into  ranga,  however,  prooeeds  on  chemioal 
lines,  but  is  still  fivefold  as  before.  In  Claases  I  to  in,  ^diit^  are 
characterized  by  fdldapars  and  lenads,  the  moleoular  ratio  of  salio 
KjO  +  NbjO  to  salio  CaO  is  the  determining  factor.  In  Claasee  IV 
and  V  the  molecular  ratio  of  femic  CaO+  (MgFe)  O  to  femio  alkalies  is 
considered.  By  salio  CaO  is  meant  the  lime  in  saUo  minerals,  such 
as  anorthite;  femio  lime  is  that  in  diopside,  wollastonite,  eto.  Salio 
alkalies  are  found  in  feldspars  and  lenads;  femio  alkaliee  oocur  in 
acmite  and  certain  other  pyroxenes  and  amphiboles.  In  the  par- 
tition of  actual  minerals,  auch  as  the  micas,  between  the  two  norma- 
tive groups,  the  potash  of  muscovite  will  go  to  the  salio  side,  ^diile 
that  of  biotite  is  regarded  as  femic.    Now,  unitmg  K,0  and  N«,0 
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under  the  general  symbol  of  KjO,  the  rangs  under  the  orders  of 
Qaeses  I  to  m  develop  thus: 

R,0        7 

1.  Pemlkalic > — 

OiiO         1 
ILO         7       5 

2.  DomaUcaUc 

CaO 
E,0 


3.  Alkalicalcic 

CaO 

4.  Socalcic 

CaO         5       7 
Rfi         1 
6.  Peicalcic <; — 

CaO         7 

The  nomoiclaturfl  here  would  seem  to  be  self-explanatory,  but  in 
Classes  IV  and  V  a  less  obvious  devico  ia  proposed,  namely,  to  mdi- 
oate  magnesium,  iron,  and  2ime  the  word  mirlic  13  suggested.  Unit- 
ing MgO,  FeO,  and  CaO  under  the  symbol  BO  we  now  have  in  the 
distinotively  f  emio  classes  these  rangs : 

KO         7 

1.  Penniflic > — 

R,0         I 

EO  7        5 

2.  Diaoiriic 

RjO 
RO 

3.  AlkallmirBc 

E,0 
RO 

4.  Domallmlic 

EjO         6       7 
RO  1 

6,  ^ralbdic < — 

E,0         7 

The  femio  rangs  are  a^ain.  subjected  to  a  fivefold  subdivision  into 
sections,  depending  upon  the  ratio  (MgFe)  O  to  CaO ;  and  they  are  also 
divided  into  avbrangs  which  indicate  the  ratio  between  magnesia 
and  ferrous  oxide.  So  also,  in  Classes  I  to  III  there  are  subrangs 
based  upon  the  alkalies  alone,  and  these  are  called,  respectively,  per- 
potaaaic,  dopotaasic,  aodipotassic,  dosodic,  and  peraodie.  These  sub- 
rangs are  still  further  divisible  in  such  manner  as  to  show  the  ratios 
between  the  lenad  minerals  leucite  and  nepheUte,  and  BodaUte  and 
noaelite,  and  either  of  these  paira  may  bo  subdivided  in  the  same  way. 
In  some  of  these  cases  a  threefold  division  is  employed  instead  of  the 
usual  method.  In  Classes  II,  HI,  and  IV  the  rangs  are  f^ain 
divided  into  grade,  which  serve  to  classify  the  subordinate  minerals. 
In  Classes  H  and  IH  the  subordinate  femio  group  is  divided  accord- 
ing to  the  ratio  P  +  O  to  M,  just  as  in  formit^  the  orders  of  Classes 
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IV  and  V.  In  Class  IV  the  Bubordinate  B&lic  mmaTnlg  serve  to 
designate  five  grads,  depending  upon  the  relations  between  quartz, 
feldspars,  and  leoads.  In  ClasB  III  there  is  also  a  threefold  disorim- 
ination  between  pyroxene  and  olivine,  forming  the  sections  prepyrie, 
pyrolie,  and  preolic.  Furthermore,  preciseJy  as  rangs  are  formed 
within  orders,  so  aubgradt  are  formed  within  grads.  That  is,  the 
ratios  RO  to  R,0;  11,0  to  CaO;  (MgFe)  O  to  CaO;  and  MgO  to  FeO 
are  used  to  express  between  subordinate  minerals  the  same  relations 
that  hold  in  forming  the  larger  divisions  of  the  classification. 

The  quantitative  olasaification,  then,  takes  pairs  of  factors,  and 
dividee  each  pair,  with  a  few  limitations  only,  into  five  terms, 
expressive  of  different  ratios.  This  process,  obviously,  can  be  caz>- 
ried  out  to  any  desired  dt^ee  of  minuteness;  but  for  most  practical 
purposes  four  subdivisions  are  generally  enough.  These  may  be 
stated  as  classes,  orders,  rangs,  and  subrsngs;  the  subolasses,  sub- 
orders, grads,  etc.,  being  lees  useful  in  actual  work.  In  order  to 
express  the  composition  of  a  rook,  or,  more  precisely,  of  a  magma, 
a  simple  notation  has  been  devised,  whioh  makes  use  of  numerals  to 
indicate  the  several  subdivisions.  Thus  Hie  symbol  II.5.2.3  indicates 
that  the  magma  which  it  represoits  belongs  in  Class  II,  dosalane; 
order  5,  perfeUo;  rang  2,  domalkalic;  and  subrang  3,  sodipotassic* 
That  such  a  system  is  convenient  we  can  see  at  a  glance;  but  ita 
limitations,  due  to  ihe  distinction  between  normative  and  actual 
minerals,  must  never  be  overlooked.  Analyses  are  readily  classified 
and  summarized  by  the  system;  as  r^ards  minerals  it  is  oonfessedly 
incomplete.  The  important  alferric  minerals  muscovite,  biotite, 
augite,  and  hornblende  fall  outside  of  the  classification,  and  have  to 
he  expressed  by  means  of  a  recalculation  from  a  norm  into  a  mode- 
It  is  an  artificial  classification  of  great  provisional  value;  but  ita 
ultimate  standing  is  yet  to  he  determined  by  the  severe  tests  of 
experience.  Even  if  it  should  be  finally  adopted  by  all  petrologists, 
some  form  of  classification  like  that  now  in  vogue  would  have  to  be 
retained  with  it.  Good  analyses  can  not  he  obtained  for  every  rock 
which  the  geologist  is  called  upon  to  determine,  and  in  many  cases 
he  must  be  content  with  the  results  of  a  microscopic  examination.  He 
can  then  say  at  once  that  a  certain  rock  consists  of  alkali  feldspar, 
quartz,  and  subordinate  femic  minerals,  and  so  define  it  as  a  granite 
or  rhyolite.  To  accurately  name  its  subruig  is  a  more  troublesome 
matter,  and  impracticable  without  analytical  data.*  In  short,  tiu 
quantitative  system  can  only  be  applied  to  the  cUssification  of  rocks 
which  have  been  quantitatively  studied,  but  then  it  yields  results  of 
unquestionable  utility.     It  brings  to  light  magmatic  anali^ies  which 

'  Foi  the  deuUtd  davalopmeut  of  ttaka  noUUmi,  irbkb  <aa  tw  vUttdad  to  gndi  and  anbgtMlf,  na  B.  a 
WuhbiKton,  Prol.  PaparTJ.  B.  Oeol.  eunray  No.  28, 1904,  pp.  IS-U.  ""  t>'t'iliTnliHfin  vinrrm,  nw  1. 1 
FIdIb;,  Joar.  Oaologr,  roL  is,  UIO,  p.  SB. 

■  Th«  nnd  al  rook  uamn  for  &«ld  OM  l>  full]' nwgnlHd  by  Uis  aulbon  of  tha  quBDtltMlv*  ijitam. 
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might  not  be  recognized  without  its  aid,  and  so  assiata  in  the  com- 
parison of  magmas  asiA  in  l^e  study  of  their  differentiation.  From 
the  application  of  the  dassification  to  the  study  of  rocks,  one  highly 
beneficent  result  has  already  followed.  The  two  memoiiH  of  H.  S. 
Washington,'  in  which  he  has  collected  aad  classified  all  the  trust- 
worthy rock  analTses  which  had  been  recorded  between  1869  and  1900, 
are  of  the  highest  value  and  go  far  to  justify  the  system. 

COMPOSITION    OP   ROCKS. 

Now,  passing  on  from  the  general  statements  relative  to  classifica- 
tions, we  may  consider  the  actual  composition  of  rocks  as  revealed 
by  chemical  analysia.  In  order  to  do  this  most  advantageously,  and 
to  compare  classifications,  the  ordinary  mineralogical  grouping  wiH 
be  followed,  but  the  rocks  within  each  group  wiU  be  arranged  in  the 
order  of  the  quantitative  system,  and  the  brief  description  of  each  one 
will  precede  the  analyses.  To  the  descriptions  the  magmatic  symbols 
and  mt^matic  names  are  appended,  and  after  each  table  the  compo- 
sition of  the  normt,  as  found  in  Washington's  tables,  will  be  given. 
We  shall  thus  be  able  to  see  how  nearly  the  two  classifications  coin- 
cide, and  so  be  better  fitted  to  judge  of  their  comparative  merits.  As 
a  rule,  the  analyses  are  those  which  have  been  made  in  the  laboratory 
of  the  United  States  Geolc^cal  Survey,  and  are  cited  from  the  col- 
lection published  in  Bulletin  No.  591.  Only  those  are  selected  which 
have  been  characterized  by  Washington  as  excellent.  In  a  few  cases 
analyses  from  other  sources  must  be  used,  but  due  credit  will  be 
given.  Since  rocks  are  aggregates  of  minerals,  all  sorts  of  interme- 
diate variations  are  possible,  but  in  a  work  of  this  general  character 
such  minor  details  of  classificatioa  must  be  ignored.  Only  the  larger 
features  of  the  subject  can  be  taken  into  accoimt. 

TUB  TtXIOUTE-GRAM  ITlt  OBOTIP. 

In  Class  I  of  the  quantitative  classification,  order  1,  perquaric,  is 
represented  by  rocks  which  consist  mainly  of  quartz,  such  as  quartz 
veins  and  s^r^ations  of  igneous  origin.  In  order  2,  doquaric,  Wash- 
ington places  a  few  rocks  which  contain  from  53  to  69  per  cent  of 
quartz,  but  none  of  them  is  particularly  important.  It  is  in  order  3, 
quarfelic,  that  the  noteworthy  rocks  be^n  to  appear,  and  a  large 
number  of  them  belong  in  the  familiar  group  of  rhyolitea  and  gran- 
ites.    With  this  group  it  is  convenient  to  begin. 

iPniL  FipMiU.  8.  Qnl,  Barmy  Nsc  U  (tnd  28.    For  uulTan  nudt  to  the  labontorlH  of  the  Survay, 
«M  alM  BdIL  N«.  Kll.    For  ta  sitended  applicstlait  of  tbe  qoantltatlvg  elmtncatton,  ttt  Wubinjtoa'a 
a.  Pub.  No.  GI  of  tbe  Camegtc  InsttRitioD,  IMS.    For  rarltws  uid  crltlalim<  of 
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»7270°— Boll.  61ft-lft- 
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In  the  broadest  sense,  granite  may  be  defined  as  a  holociTstalline, 
plutonic  rock,  consisting  chiefly  of  quartz  and  an  alkali  feldspar,  the 
latter  being  commonly  orthoclase  or  microdine.  A  soda  granite  is 
one  containing  a  soda  feldspar,  preferably  anorthoclase.  With  these 
dominant  minerals  there  may  be,  and  usually  axe,  subordinate  species, 
such  as  muscovite,  biotite,'  hornblende,  etc.  Hence  the  varieties 
muscovite  granite,  biotite  granite  or  granitite,  homblraide  granite, 
tourmaline  granite,  and  the  like.  When  only  quartz  and  feldspar  f^e 
.  present  the  rock  is  called  aplite,  although  it  must  be  observed  that 
tills  t«rm  is  often  used  in  other  senses.'  Rhyolite  is  the  eruptave 
equivalent  of  granite  and  has  the  same  ch^nical  composition.  Th» 
minerab  which  develop  individually  in  it  are  also  broadly  the  same, 
quartz  and  alkoU  feldspar  largely  predominating.  Khyolite,  how- 
ever, very  commonly  contains  more  or  less  undifferentiated  glass,  and 
obsidian  is  a  wholly  vitreous  variety.  The  quartz  porphyries,  which 
are  intermediate  between  granites  and  rhyolites,  are  old,  devitrified 
forms  of  the  latter.  Nevadite,  liparite,  and  quartz  trachyte  are 
synonyms  for  rhyolite.  The  difEerences  between  granite  and  rhyolite 
are  structural  and  genetic;  chemically  and  magmatically  they  are  the 
same.  This  essential  identity  of  composition  appears  in  the  subjoined 
tables  of  analyses.    First  in  order  come  the  rhyoUtes. 

■  On  tooonnt  of  Ibk  imbigulCy  In  the  uss  of  Qis  word  apllte,  I.  E.  Bpnir  hn  propoad  thanamt  "aluUU" 
tor  ncta  o[  thii  dunoMr.  for  tb*  ocnopondlng  vupUre  or  flit»fniln«d  fQttbjraM)  noks  the  I«tm 
"tocdriIUt*"lgi>ffgr«d.  Am.  OKdoglat,  vol  3&,  1900,  p.  330.  OnthelxnutlaniitmnltaBeeH.  LeCtute- 
llv,  AnnaleBd<aDilna,SUiser.,To1.i3,lE88,p.  xa.  Ontlworltlnofpepn»tlt8»»«  J. B. Halting, Tranr 
Am.  Iivt.  Uln.  Eag.,  ml.  3»,  IVB,  p.  IM;  £.  S.  Baatln,  Jmir.  Oiulogr,  ToL  U,  1110,  p.  MT;  and  A.  Eiikr, 
NatuntlhUoryoIlcnwnanakSjp.na.    Onthaariglnat(niillaiM  A.BnU),Ik)ki|.0«oLB*lvat.,Ti)LU^ 

avi,p.m. 
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lONEOUB  BOCEB. 


ATiafym  o/rkyoUta. 


B.  FroiD  HOI' Willow  Lek(,  PlanwC(nint7,C*IIIml».  Anoljila  I17  HOlgbnnd.  I>Mcifb«d  by  I.  S. 
DlUcr  ■■  oDiitAliiiDf  fbayaajita  of  qturti  and  (aldapw,  In  >  gnmnilniaai  of  the  bbdu  matvUi.  Srmbol, 
L3.1A    AlaAati. 

C.  Olaldiui,  ObsUbii  CltS,  Yallonstiuia  National  Pvfc.  Analyib  by  J.  E.  WUtflald.  Dcacrlbwl  by 
AiDoU  Hacu*  and  J.  P.  Iddbigs.  A  gUw  oantaliilng  mlcnUtM  at  BOffta  and  torric  Oitda,  vlth  traoea  ol 
qnirti and fddipir.    Bjmbol, IJl.1^   ^lutoN. 

D.  fromlfadlmiFlaMan.YsllaDtcHwNatlaiidPaik.  Analysh by Whttfleld.  Notdtnxlbad.  Sym- 
,  bol,  IXl.t, 

E.  rni[iLth«H7(iaParl:dIke,BattBillitilct,Uontaua.  Analytii by H. N. SlokM.  Contalna, aoomUng 
taW.  H.  Weed,saDldbUi,  goarti,  plagloclaM,  andblollM,  In  agroundmaas  of  quart!  and  teMipar.    Symbol, 

F.  Fnim«£laplunt'iBuk,"Y*llinnlon*Natk>iiBlPark.  Aoalyila  by  WUUlald.  IlapDrtad  by  I.  P. 
Mdlngi  tonontalnquarti  andaanlitlne,  with  allttla  auglta  and  mapwtlta.  In  aglaaay gronndmaM.  Symbol 
I.JJ^    Tttenau. 

O.  rnimHayita<ikUoiuitaln,AnMalookCoiiiity,lIalne.  Aoalyali by HlUabiand.  DncrfbHlbyH.S. 
Qncvy.  Contains  qDaiti.albtte,  and  ottlu)claaa,w]tlitftanlta  and  aoocaoty  chlorite  and  k>Dllii.  Bymbol 
I.ll.S.    Ltpmut. 

H.  rromCrat(rLake,OT«gnn.    Analyili by Btokn.    DcacrlbcdbyH.B.PKtloii.    Contain! placlodau, 
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The  followmg  analyses  represent  quartz  porphyry: 

Analyfei  of  quartz  porphyry. 

A.  From  ngv  Blawliig  Rook,  Walaoga  Comity,  North  CaroUna.  Aualytiiby  W.  F.  Hlllabniid.  R*- 
ported  by  A.  Kaltli  lo  contslu  quarti  aad  orthoclaM,  ifith  mbordlnate  3erlclt«,  dilnlt*,  and  blottta.  Mae- 
nutlcsymba],  1.3.1.2.    ifafdibvTfott. 

B.  From  Uui  Uodoc  mini,  Butt«  dlalilct,  Uoutaua.  Anolfils  by  HUlabiBud.  Coulalni,  KOonllDg  to 
V.  H.  Weed,  qiisrti,  orthoetoe,  uid  plaglaclase  In  s  groiuidniass  of  qiurta  and  Iddiper.    Symbol,  I.LIZ. 

C.  From  Pinpect  Uountaln,  L«adTlllB  district,  CokxBdo.  Anslyab  by  L.  O.  EaUna.  Deaafbed  by 
W.  Cross.   Contatni  ortboclaie,  ptagtoclasa,  quarti,  btotlt«,  >patlt«,  magnetite,  and  cbcon.   Symbol, 

1.4.3.3.      ToKtttUUe. 

D.  From  the  Swansea  mine,  Tintic  district,  Utah.  Analysis  by  H.  N,  Stotn.  Docribad  by  G.  W. 
Towar  and  O.  O.  Smith,  Contains  feldspar,  qnarts,  magnetite,  apatlt«,  Moondary  pyrlte,  and  &  Uttla 
chlorite  and  blotlte.   Symbol,  1.4.3.3.    Ttnawnt. 

E.  From  Orluly  Uountahu,  Plumas  County,  CalUxnla.  Analysis  by  HUlsbiand.  Contains,  accord- 
InE  to  H.  W.  Tinner,  quarts,  Mdspar,  and  pyrite,  In  a  One  groundman.    Symbol,  I.i.S.3.     TVmnofi. 
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The  subjoined  analyses  of  granites  are  all  by.W.  F.  Hillebrand:  • 
Analyut  ofgnmiUt. 

A.  Tiom  Coiniit  Creek  Canron,  iKsr  Ptkca  Peak,  Colondo.  Dsainlbed  b;  E.  B.  Uatliawi.  Contafan 
mlstDOllD*,  quarti,  muMovlu,  and  xtieltlis  agptftMa  nfitahtt  plagloclue  and  a  part  nl  tlie  mkrocUiH. 
Uasmatlo  STmbol,  IJ.l^.    Jtasdtbuitoit. 

B.  Blotlte  sraslte,  SeotliKl  Potat,  Pll^M  Peak,  C<dciada.  Dcamlbed  hy  Uatbaws.  Cwitalns  mlao- 
Clint,  miCTDCUiie-pwtlilUi,  qoarti,  blotila.  s  litUa  oligoohss,  and  Mmnarj  OaaUa,  apatite,  ilroon,  qJune, 
aUauiU,  and  magnetite.    Symbol,  I.X.1. 3.    AlaAmt. 

C.  Fiom  Cuiivit  Creek  Cauycm,  Fikea  Peak,  Colorado.  Deantlbttl  T>j  Uathswi.  CmtatDS  pertUthi 
mlerocUoa,  qnaitc,  blotlta,  moBoorite,  all<i*d  plaeioclaM,  and  Sakai  of  IbDonlte.    Symbol,  1.4.1^ 

D.  Biotite  iranHe,  Uoont  Agontnej,  Vsmont,  Described  by  R.  B.  Dily.  Contabu  qnarU,  ortliodase, 
[dacli)alBa«,blotlta,ma(iiMlta,aphene,  apatite,  and  tlrooo.   BTmbol,  l.l.l.S.   XJjKnsr. 

X.  Soda  tmnlle,  flgwo  Point,  Itiimesota.  I>e«ribed  by  V.  6.  Bayley.  Contalni  laldipar,  qnarti, 
dilotite,  sonu  musoorite,  nillle,  leuooiene,  hematite,  and  apatite,  and  lometlmea  eecondaiy  caklte. 
Symbol,  I.4J.S.    lAjarau. 

T.  Qiaiiltll«,  near  Floiiasant,  Colccado.  Dsscilbed  by  Uatlieita.  Contains  mlcrocllue,  alblle,  qnarti, 
andbk>tile.    Symbol,  1.1.1.4,    Kaaeradiitt. 

Q.  Onnlte,  Big  Timber  Creek,  Craiy  Uoantataia,  Uontana.  Beportad  by  ].  E.  Wulfl  as  oontalning 
quartz,  mtbodaie,  dlgodaae,  and  bloUte.   Symbol,  1.4.2.3.    roKonou. 

E.  ApUta,  Yuba  Gap,  Sleira  Coonty,  CalUbtnla.  Deicrlbed  by  B.  W.  Tonur.  Cootilni  ortliodaw, 
quarti,  pla^odase,  a  little  mkrocline,  brown  mlcs,  and  Inn  ore.   Bjmbol,  1.1.1.3.    Toicamm, 
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AU  of  the  rocks  here  cited  belong  in  the  first  subclass  of  Class  I 
and  lie  between  the  limits  indicated  by  the  sTinbola  1.3.1.2  and 
1.4.2.4.  Some  granites  appear  in  Washiagton's  tables  under  Gaas 
II,  but  they  are  few  in  ntmiber  and  represent,  probably,  intermediate 
gradations  toward  the  syenites.  So  f ar  aa  the  forgoing  analyses  are 
concerned,  they  ^ow  that  up  to  this  point  the  quantitative  and 
mineralo^cal  clasaification  coincide  fairiy  well  and  that  the  normt 
can  not  vary  very  much  from  the  modes.  The  normative  corundum  ^ 
probably  represents  the  micas,  either  muscovite  or  biotite,  or  both,  so 
that  the  actual  orthodase  of  these  rocks  must  bo  lower  than  is  shown 
in  the  norms.  The  latter  show  with  sufficient  emphasis  that  quartz 
and  alkah  feldspars  are  the  most  important  minerals  in  the  granite- 
rhyohte  group  and  that  the  roclis  differ  chiefly  in  the  varying  pro- 
portions of  quartz,  orthoclase  or  microcline,  and  albite  or  anorthoclase. 
The  presence  of  much  muscovite  in  a  granite,  however,  would  increase 
the  diveigence  between  norm  and  mode,  and  even  throw  the  rock 
into  some  other  order  than  those  shown  by  the  limiting  symbols  just 
given. 

THE  TBA0H7TE-STSHITE  OBOTTP. 

The  trachyte-syenite  series  of  rocks  differs  from  the  rhyolite-granite 
series  in  being  free,  or  nearly  so,  from  quartz.  The  trachytes,  like 
the  rhyolites,  are  eruptive  rocks ;  the  sy^tes  resemble  gruiite  in  their 
plutonic  origin.  Between  trachyte  and  syenite  there  are  intermediate 
forms,  uialogous  to  the  qu^lz  porphyries.  All  of  these  rocks  contain 
principally  alkali  feldspars,  with  subordinate  femic  minerals,  and 
often  alferric  species  such  as  hornblende  or  mica.  These  minor  con- 
stituents are  recognized  in  nomeuclature  by  such  terms  as  biotite 
trachyte,  mica  syenite,  hornblende  syenite,  etc.  There  are  also  many 
varietal  names,  which  are  based  on  minor  distinctions.  The  nepho- 
line  syenites  will  be  considered  separately.  The  following  analyses 
represent  typical  examples  within  the  scries  as  defined  here: 
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Anah/ta  of  tra^yte-q/eniu  meti. 

A.  KorlntttUU,  ICoimt  AtaOOkBT,  Tctmcmt.  AnalfBli  by  V.  F.  HDlabniHl;  drnxiptloD  by  B.  e. 
D«lr.  Contilni  orthootaw,  pligbmlua,  gnirti,  bmUaad*,  DugiHttte,  Kpatlta,  sod  ibwm,  vnh  iv; 
ltttl«1)bttta,tltBiilU,dla[i>lda,aiid>llulU.    Uasmstloarmbol,  LG.14.    fIbvroK. 

B.  Qnvti  lyanlte  porphyry,  Ony  Bntta,  Boipaw  Ifoimtalaa,  Uontaiu.  Aaalyiii  by  H,  N.  BtokCB. 
Daaraflwd  by  V.  H.  Weed  and  L.  V.  Plmca.  Cootaliu  •nnthoolaKi,  microUtea  at  plielodug,  asbita, 
■ustts,  qDBtt,  and  apatite,  irlth  an  oanslcmal  itncm  and  traoM  ol  blatlt*.    Synbd,  I.S.1.1.    JVCrdinarbiw. 

C.  Blottte  tnOyM.  DOa  Homtaln,  YiUumtaiw  National  Park.  AiialyilaT>7HIIlebTaiid.  SQicrtcd 
by  AnoU  Hapia  and  T.  A.  3»em  *>  '*"'*'"'"g  plagkidaaa,  orthocliM,  blntiu,  matnMlls,  and  chkolla. 
Symlxd,  IJLl^    XeriaabM. 

D.  Soda  ^anlto  pofphyry,  Uosnahi  Creek,  Toolmaiie  Comity,  Calltcnla.  Analyds  by  StiAaa. 
Dnonxd  by  H.  "W.  TonMr.    ComMs  mainly  of  atbtla,  with  poaatbly  KgUtv.    Byrabol,  1^1^    Di^ 

B.  8adasyaalte,J>0Q^Ial«nd,  AlBika.  AualyalibyHmabiaiid.  Daacafbedby  O.  T.  Baidar.  Cot- 
tabu  nuatly  alblte,  with  aeoomdary  qaarts,  eaklte,  and  pyilta.    Symbol,  I Ji.t^    T^ialttmiKiat. 

7.  Blotlla&adiyt«,DllnUooiitaIii,Yal]awstoiu  National  Park.  Analyali  by  HUlebrand.  B«parted 
by  HafiN  and  Jacgir  to  oiaiCaln  vthaclaaa,  plaelDClasB,  blotlla,  and  ahlorlts.    Symbol,  1.6^3.    PuJutoK. 
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ATuilyia  of  tnAgte~tyertiU  rocb — Contiiiued. 

G.  Aiigit«a7BQltap(vph7rr,CapperCnekbMtii,Ydlinnl(naNalIoaarHfc.  Aaalrstabr  HUMniid. 
CcnUlnt,  tmordlng  to  H«gn»  >nd  JiggK.  Kiglte,  tlotlte,  actliocUat,  ailtttoh oablaiida,  tndqiMiti.  Brnk- 
bed,  I.S^4.    LaanOuiMt. 

H.  Augllagygnlte,TiimbsckCnA,  I'lMlaiiuieCOQntr.CBU&nih.  AioItiIb  br  Sbdras.  Bcfmrtedby 
TiiiiHrt(ioant&lnonbaolanftndMiElt8,wltIilsnpl>eladaseuidqiiuti.    BTmbol, IIJl.lX    S^wnoAHe. 

I.  B}«nlU,Yocw  Peak,  Little  B«ltlCaiiiitBliis,ICoiilBiia.  Amdyib  by  HlUelmid.  DMCrlbed  by  Wesd 
BDd  PInaaa.  OoDtaias  ortbodui,  Dtlgudaw,  qnaiii,  ajwUte,  tKaalle,  Inm  am,  pjitaaat,  bcmblNite 
•nd  blaUtc,  vlth  IriKiea  of  deoamposltion  produdB.    Symbol,  U.S  J  ^.     Momimoie. 

J.  BfBiilto,  La  FUta  Uannhhu,  Cidando.  Analysis  by  Stokee.  Beportadby  W.Ciotatoocoitalnmiidt 
■lkallieid3pu',aome<d]ga(d>K,  uigtta,  bkitHa,  lodhvableude,  wltbftUttlgtllHillB,  nMcaMita,  ud  vettto. 
eymbol,  UJi22.    Jtamoiut. 

E.  Symiita,  Ciuy  UoantKbu,  Uontuia.  Aialysb  by  HlOebraiid.  Baportedby  J.  E.WalfftattaUn 
•noTthoclua,  homtdsDda,  Bncfta,  ipbena,  ^ntlM,  and  nngMtlte.    Symbol,  n ^.2.4.    Akaw. 
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IGKEOUS  BOCKS. 
An^j/ta  of  brad^te-tyenite  roelt — Continued. 
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The  rocks  of  this  group,  being  deSci«nt  in  quartz,  tend  to  run 
lower  in  silica  than  the  granites  and  rhyolites.  Their  mt^matic 
range  is  l>etween  1.5.1.3  and  II. 5. 2. 4;  so  that,  despite  their  minei^ 
alogical  similarities,  they  are  divided  between  two  classes,  but  fall 
within  each  class  into  the  same  order,  the  perfelic.  With  decrease 
of  quartz,  at  one  end  of  the  series,  they  shade  into  rocks  in  which 
the  femic  minerals  are  no  longer  subordinate.  Among  these  femic 
rocks  are  found  varieties  which  hare  been  named  minette,  kersantite, 
lamprophyre,  and  shonkinite.  Some  of  these  terms  are  ya^ely  used, 
and  are  very  often  applied  to  rocks  of  a  transitional  character  which 
contain  considerable  amounts  of  sodsrlime  feldspars.  The  subjoined 
analyses  represent  some  of  these  femic  syenites. 
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442  THE  DATA  OF  GE0CHBMI8TBT. 

Analf/tet  of/emut  tyenitei. 

A.  Boda  rolnMte,  Brattaagm,  lAoguHUI,  NonriT.  Aualyils  b;  V.  SiAmelck.  DtaalbiA  by  W.  C. 
BiEegtr  (Die  Eniptlignutne  dea  Krlationlogsblctcs,  tol.  3,  18S8,  p.  130).  Contalna,  Id  appniiliiiaK 
poTMntagBa,  fi4  soda  teldapai,  H>  lepldomclaiM,  13  Kflibinaigltt,  2t  ^iBtltc,  and  1  iidiBiB.  "'f""" 
symbol,  n^.lA.    Aknw. 

B.  Soda  mluatta,  HaD,  I«ngnand  f}ord,  Norway.  Analjsla  b;  Bclmulck,  daecrtptlon  by  BraBW 
(Die  ErupUYEMUlue  dea  KriatfaiilagBbleUH,  vol.  3,  IBtS,  p.  139).  Contalna  abodt  SI)  pw  cmt  soda  fald- 
■par,  2S J>  lepidomelane,  lOj  dlopalda,  a]  caoh  el  apatlla  aud  iplun*.    Symbol,  II.A,1.4.    Laut^ttett. 

C.  Sycnltlo  Ismpnpbyn,  Two  BntUa,  Prowtra  Comity,  Colonda.  Analyals  by  W.  ¥.  HnMnnd- 
Contalns,  aooonlliig  to  W.  Cma,  alkali  leldipar,  dlopslda,  bloUM,  magiwtlte,  and  olhrlna.  Symbol, 
III.5.2.3.    FTaaermul. 

D.  ehcoklnllc,  Btaret  Craek,  Btarpaw  UoaulaliM,  Uonuaa.  Analysis  by  H.  N.  Btoks.  I>eKTlbed 
by  W,  H.  Wacd  and  L.  V.  PlnMBi.  ConCaliu  anorthmlMa,  dlt^ialde,  blotfla,  Ireci  ran,  and  qatlU,  with 
a  yary  littla  oIlrlDe  and  mphollta.   Symbol,  in J>.  1.3. 

E.  SbonUnlla,  Yoga  Faak,  UtU«  Belt  UoimlBlns,  Utotana.  Analysis  by  Hillsbcand.  Dsacribed  by 
Weed  and  FIibbou.  Contains  aoglu  and  otthoclase,  with  blotlta,  Irm  ok,  andeslBe,  apatHo,  ollviiM,  and 
atraceorkaolin.    Symbol,  ni.fl.3.3.   Skotdfnow. 
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A  comparison  of  the  norms  mider  A  and  B  vith  the  modes  as 
given  hy  Brl!^;er  will  shoT  how  widely  the  two  diveige.  These  two 
rocks  are  in  Class  II;  the  others,  on  account  of  their  higher  propor- 
tion of  femic  minerals,  fall  in  Class  III.  All  five  of  the  rocks  contain 
micas,  which  accounts  for  some  of  the  differences  between  the  mag- 
matic  and  the  mineralogical  composition.  In  A  and  B,  also,  sphene 
is  reported,  while  in  the  norms  the  titanium  is  reckoned  entirely  as 
ibneoite. 

NBPHBIi^n  BOOKS. 

In  the  norms  of  the  foregoing  rocks  small  quantities  of  nephelite 
appear.  These  mark  a  transition  from  the  syenites  and  trachytes 
proper  to  the  phonolites  and  nepheline  syenites,  in  which  the  lenad 
minerals  replace  the  alkali  feldspars  to  a  greater  or  less  extent. 
Taking  the  nephelite  rocks  first  in  order,  we  find  an  eruptive  and  a 
deep-seated  group,  just  as  with  the  trachyte-eyenite  series.  Quartz 
is  excluded  from  these  rocks,  for  if  it  were  introduced  in  excess  into 
Hie  nu^ma  it  would  convert  the  lenads  into  feldspars,  nephelite  into 
albite,  and  leucite  into  orthoclase.  In  phonohte  we  have  commonly 
cathoclase,  nephelite,  and  pyroxene;  tinguaite  is  a  varietal  name. 
Some  rocks  richer  in  femic  minerals  than  the  phonolites  have  been 
classed  with  the  basaltic  basanites,  but  they  contain  so  Uttle  soda- 
lime  feldspar  that  it  is  well  to  include  them  in  the  following  table, 
aa  allied  to  phonolite  chemically.  The  subjoined  data  relate  to 
members  of  t^  eruptive  series. 
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444  THE  DATA   OF  Q80CHEMIBTHT. 

^TUi^Wel  of  rruptMV  nepft«Itt(  rock*. 

A.  PluooUla,  Soathboro,  MiiwiOhnwtl^  Anlyib  br  H.  N.  BMkv.  CoDKted  by  B.  E.  Emnni 
bat  not  docrlbsd.    Uagnuttaiyinbol,  I.B.1.4.    JfiattoK. 

B.  PhODDllU,  Blaek  BIBa,  Boalh  Dakots.  AnatTih  by  W.  F.  mii^>TB~t  DcHciliNd  by  W.  CtOL 
Contshu  orthDctaM,  nophaUte,  nglrlt«,  nOBeUta,  sodallu,  sphaie,  apatlta,  taa&  Elrtum;  >ko  secxMidaiy 
(eoIlt«  and  oaJcilU,  but  no  nutgnnlW.    Symbol,  I.S.I. <.    UitAiitt. 

C.  Fhaiiol]la,Crlpp]aCr*sk,Colonido.  Analygb  by  HIIlabnDd.  Damlbad  by  Oca.  CoDtalnianlD- 
oUm,  naphellM,  ■od&UM,  noMllU,  Xfiittia,  tu.    Symbol,  I.S.I.4.    JUiartoK. 

r.  PhmwUt^  Pleumt  Valley,  Cotbx  Cmmty,  N«w  Vxaieo.  AmlydB  by  wiii.*>«%^  RapvMd  I? 
OcM  to  ooDtaiD  Ddilidtt*,  ilbll  t«ldapu,  aglilte,  tnon  ot  iib(imUU,  ud  a  llttia  DostfUe  or  KidaUtt. 
Symbol,  I.B.1.4.    JflortoK. 

u  Cntk,  B«*ip*T  Uotmulns,  ICfnIana.    AnaJyabby  StOkM.    DsMtlbid  by  T.  B. 
WMdumi   "  ~"  "  "  ""  -        -  .      - 

lit*,  and  ■  doubtful  hombleodc.    Symbcri,  ILB.IJ 

F.  Fli<uu)Ul«,UTBMa  County,  Tuu.  AnBlyAbyEUletoUd.  Bvportadl^CtaatacinitalnorUwCkM, 
inphelltB.andB^Irlts,  wlibaTcry llttia liomb1aiil*,aii(lle,aiidmBgiiMlt«.   Symbol,  n.S .1.4.   ZawAiliw. 

O.  BaMiilM,iiaarBigHouiit>iD,UnldaCaanty,T«iiiL  Aoalyilaby  BUlabrand;  dgacriptiaibyCnH. 
Caaiaina  albJl  faldipar,  uiglte,  magoatlta,  oUrlna,  iM^iallte,  ogltlte,  biaUtB,  and  xaoUUc  mlnmk, 
Symbol,  n.S.3.4.    Eutxox. 

B.  BaHnllc,  Ifoool  Inge,  Uvalde  County,  Tana.  AiMlyak  by  BUMnud;  AmatfOaa  by  QtaL 
Contalna  orthoclaM,  neplialite,  hombleDde,  auglte,  agtrtna  auglla,  olivlna,  magnetite,  ^tattta,  and  a 
trace  of  pyrlle.   Bymbol,  n.7.1.4.    hvjKentt. 
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The  following  table  contains  analyses  of  deep-seated  rocks  of  the 
nephelite  aeries ; 

Aruiij/iet  of  deep-teated.  nephelite  roett. 

arat<aiatiatt»,Uuaiiiad,lIainB.    AnalTsIgbyL.  O.EiUdi.    Cacrlbed  by  W.  S. 


lAlA. 


.    jrordmorloH. 

Ntv  Jmay.    Atulfilg  b;  EftUna.    Dcerribed  b;  J.  I 
6,  and  blotlta,  with  loa  mdanlta,  tftaults,  BpaUla,  □ 
iban.   STDbol,  1  J>.6^   Btimtnti. 

C.  NqilHilUi;mlt<,  BrookTiUs,Naiir  Jtnsy.  An&lyila  by  O.  Stvlgv.  Docribad  by  F.  L.  BuuaDit. 
CanUlDS  alkali  l«ldipan,  alurwl  naphaUte,  unphlbola,  bloCite,  canorlolte,  ptaglDolue,  muKSvltB,  sctrlno- 
■iigfta,watlta,ftaorfU,aMtiHHDlm<gnadta,irith«ecaDdai7aiialcJte,MridM,UHlDa(iDUte(T)^  Symbol, 
I.S.Z.4.     ViesewiM. 

I>.  ElBolita  Eymlte,  B<d  HUl,  UouUonboni,  Ksw  nunpdiln.  Aualysh  by  W.  F.  HIIMnmd;  imrlp- 
tlm  by  B^rlV*  Crattaim  elaoUta,  hombhod*,  soglte,  blotlta,  mdallta,  olblu,  ud  orthoclua,  with 
MMM<»y«patH«,«pb«o>,mitfMtlt»,M»d«PonMilOH»ltfciioP-    Symbol,  n.t.  1.4.     Umputoft. 

£.  K^uUt*  tjailtt,  Cripple  Craak,  Colondo.  AiulyBb  by  Hlllabniid.  Dncrfbeil  by  W.  Cnm. 
Contains  tikill  faldspan,  naiduUta,  fodallta,  suglt*,  a>nw  t^tiine,  lioniblaida,  biottta,  aphsn*,  opaUte, 
and  magnetfta.   Symbol,  UAAt.   AUmt. 

F.  unite.  Kola  FsiliualB,  Finland.  Acalyiia  by  N.  Sahlbom.  Described  by  W.  Samaay,  OeoL 
FSnn. FBibaudL, W.IS, p. MS, UBS.  Contalni, In parentogn, nepballtc, SS.7;  pyroKne, moatly t^lrlle, 
U-O;  ud  ^atlte,  2.0.    Symbol,  n.S,1.4.     Uften. 

a.  UoUte,  IlTaan,  Flnlaud.  Analjtii  by  A.  Zmiacns.  Dtacrtbed  by  W.  Hackman,  Ball.  Comm.  giol 
rtDland,  No.  II.  igoo.  Contains,  In  avtr^a  percentages,  nephelite,  El.ft;  pyionne,  30.1;  qntlla,  4.3; 
UtMitta,Zll  andlTaarit«,0.f.    Symbol, n.e.M.     I7Rdk. 

H.  TlienIlta,CnuyIlaimtaliis,lContana.  Analyifa by HlUebracd.  ContaIiii,ainirdliigto J.E. Wolfl, 
■Dllte,  K^Mte,  blotlte,  sodallte,  ntfiliellte,  fsldspar,  tpitiU,  magnetite,  aad  Utosile.   Symbol,  m.T.1.1. 
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THE  DATA  OF  OEOCHEHISTBT. 
Analjitu  of  dte^^tftti  wgifaffl*  rodb— Conanttcd. 
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A  comparison  of  these  nonns  with  the  modes  indicated  in  the  de- 
scriptions of  the  rocks  shows  great  divei^encies.  The  normative  and 
actual  minerals  are  only  in  part  the  same.  All  of  the  rocks,  however, 
consist  dominantly  of  alkali  feldspar  and  nephehte,  with  varying 
accessories.  In  the  Brookville  syenite  the  normative  anorthite  shows 
a  gradation  toward  the  plagiodase  rocks.  The  urtite  and  ijotite  rep- 
resent the  highest  proportions  of  nephehte;  and  in  the  theralite  we 
have  the  femic  minerals  forming  nearly  one-half  of  the  rock.  Taken 
all  together,  the  nephelite  rocl^,  eruptive  and  plutonic,  range  from 
1.5.1.4  to  III.7.1.4.  The  mineralogical  variations  are  great  enough 
to  justify  a  much  more  minute  subdivision  in  classification  than  they 
are  given  here.  The  many  varietal  names  that  have  been  given  the 
nepbeline  syenites  follow  from  a  recognition  of  their  differences. 
Ditroite,  foyaite,  laurdalite,  litchfieldite,  urtite,  and  ijotite  are  exam- 
ples of  this  varied  nomenclature.* 

■  A  vttr  lull  dacrJptlaD  of  the  Nonreeiui  nqdiellne  syailta  b  kIvsi  b  J- W.  C.  BrBgnr  In  hb  mck  Dk 
ErupttTEaUina  dm  KrbUanlagebletffi,  rapwlally  In  part  3  (IBBS).  Luirdallti,  beamlU,  uqihtUiH  por- 
phfT7,  loyslta,  and  hsdnimlM  tit  the  Dephclil*  rocks  desctflwd  la  tills  muaalr.  A  nmukabl*  nA 
iDund  Id  Dim^niioii  Tomitilp,  Ontario,  lies  bum  dagcrnied  bj  ?.  D.  Aduns,  Am.  Jour.  Bel.,  4th  mi., 
vol.  17,  19M,  p.  2W.  11  conUfns  72.2  per  not  of  n^hdlte,  with  Ifi.W  of  hornblvids  ind  S.14 
olOHicrinlte.  Borne  minor  coiutltuMits  ore  alia  present.  Tbb  rock  Adanu  has  umKl  momnoathlte,  tnd 
ltsiianndlfliriwld<drfn>''i  Itamoda.  Od  tha  origin  of  "Blliallne"  rocks  SM  H.  T.  Jnsm,  Pitio.  Lbm. 
Soc.  New  Booth  Wilts,  val.33,lM)S,  p.  481;  R.  A.IHlf.BuU.  Ocol.Soo.  Amviw,  VDL31,ma,p.87;  and 
C.  H.  BiDTth,  Jr.,  Am.  Jotir.  8cL,  Ith  Mr.,  ml.  36,  UI3,  p.  33. 
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lOKBOVS  B0CK8. 
I^JJOTIB  BOOKS. 


Tlie  leacite-bearing  rocks  are  mucli  less  common  than  those  carry- 
ing nephelite,  and,  like  the  latter,  have  been  designated  hj  various 
names.  The  following  examples  among  those  containing  little  or  no 
soda-lime  feldspar  will  suffice  to  show  their  composition: 

Aiudj/ta  of  UueiU  ro^. 

fa  b7  H.  N.  BtokM.    D^ 

'.  Ffmon.    CoDtkbu  ortlioclu*,  iMplidlU.  •Ddallta,  BOHdlta,  BgMto, 
Ca  ia  Dot  isported  hna,  It 

B.  Aildte,arlMicltoi7<Dlta,lIagiHtCoT*,  Arkvou.  Dncrlbcd  and  aulTiad  I17  H.  8.  WiAJtacUa, 
Jour.  0«olocy,  toI.  9, 1901,  p.  SIS.  Containa,  hi  paroeataera,  orthootan,  i.9;  Inidls,  M.d;  naiditllla,  11.S; 
nelrIM,S.4;dlaFiId«,10.fi:Emiiiiit,I4.E.    BTmbol,  n.R.IX    Arbnuim. 

C.  'WjamiatfU,  Boar'g  Tntk,  Lcuelte  HDla,  Wfamlii(.  Aiulpfa  by  W.  F.  HDibmid,  Dnwlbad 
byW-Cnag.   CoutalmphlDgopIU,  India,  dkipsidt,  and  apetlts.   STmbol,  m.a.l.t.    WftrmtTtfittt. 

O.  Loadttt*,  Btaipaw  Honiitkhi],  Hmttna.  Analyab  by  Btokes.  Dnnlbed  by  Wead  ind  Ffnmi 
M  an  oUttaalraa  laaoita  bwalt.  CoaMfna  Inio'tc^  aaflta,  boo  oxtdai,  nnl;  blottta,  aad  a  little  tfUay 
b«M.   Symbol,  ni.U.1.    Ckatne. 

E.  LaodUta,  Albw  HfUg,  Italy.  Dtaorflxd  (od  niMlyi«d  by  Wuhtoglan,  An.  Jam.  Sd.,  4th  Mr., 
Ttri.  R,  inO,  p.  U.  C(iol>ln9leaetlc,iiaidMltta,iiuUtlla,dJ()pdda,m«(Dettta,atfM«Dlbkitn«,*ndssuoaty 
anyapatlla.    Symbol,  II1.S.2.I.    JItaiUM. 

7.  Mvlaptta,  Laodta  Httli,  WyomloK.  Analyih  by  HOlebrud.  Daaerlbad  by  Ctoa.  Containa 
dJopoUa  and  phlo(<vlts,  irttb  ptnbUla  and  nuetNtlta,  In  ■  (laaay  base  of  naarly  tba  oonqnsltiaD  of  loialth 
Symbol,  III.V.I.I.    Ifodupou. 

a.  ICtaomlte,  HI{^«aod  Uanntatatt,  Wi-nt™-  Analyiad  by  E.  B.  Hutlbat.  Doorlbad  by  Wead 
and  FlRtao  in  BdU.  XJ.  8.  OaoL  Surray  No.  I3T,  IM>E.  Cootatna  landta,  aoctte,  blotita,  oltrlna,  apatlla. 
Iron  oca,  aoma  latriiMa.  aad  analdta.   Symbol,  TV.l.l.l.   In  this  look,  aa  tba  symbol  IndleatK,  (smJo 
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It  is  worthy  of  note  that  there  are  many  rocks  specifically  deai^ 
nated  as  leucite-bearing  which,  as  interpreted  by  Washington,  reveal 
no  leucite  in  the  norms.'  It  is  also  to  be  obsrared  that  the  leacite 
rocka  are  all  effusive  and  never  deep  seated;  at  least  no  plutonic 
member  of  the  group  is  known.  In  an  abyssal  rock,  which  has  con- 
solidated under  pressure,  water  is  retained;  and  in  such  cases,  when 
ma^esium  and  potassium  available  for  the  foitaation  of  olivine  and 
leucite  are  present,  biotite  is  produced  instead.  Under  ordinary  cir- 
cumstances the  fusion  of  biotite  yields  olivine,  leucite,  some  glass, 
and  a  little  spine).'  By  fusing  biotite  and  microdine  together, 
Fouqu6  and  Lfivy  '  obtained  a  mixture  of  leucite,  olivine,  and  mag- 
netite, together  with  a  mineral  resembling  melilite,  which,  however, 
could  not  be  that  species.  A  magma,  then,  which  would  form 
biotite  imder  pressure,  will  lose  water  if  it  solidifies  at  the  surface 
of  the  earth,  and  may  generate  olivine  and  leucite. 

The  other  lenad  minerals,  sodalite,  noselite,  and  hauynite,  are  also 
noteworthy  constituents  of  certain  rare  rocks,  which  we  need  not 
consider  in  dctaU.  SodaUte  syenito,  haQynophyre,  and  nosean  sani- 
dinite  are  names  of  rocks  in  which  these  minerals  are  conspicuous.* 

One  sodahte  syenite,  however,  is  included  in  the  next  table  of 
analyses,  for  the  reason  that  it  also  contains  analcite,  a  rock-making 
mineral  whose  significance  has  been  realized  only  within  recent  years. 

1  Od  the  foniutioti  of  huclt*  In  igneoui  rocka.  Me  H.S.  Wutilngtoa,JouT.  Qcology,  vol.  lS,I9(n,pp.3ST, 
m.   A1m>  Id  bli  RonuD  comagnutis  region,  Pub.  No.  si  Cvntgla  loit.,  Wadibiglan,  IWt. 

>  Sm  Q.  Bickstrtoi,  OMd.  Fareo.  FOrhindl.,  vol.  18, 1W«,  p.  lis. 

■  Syntbtae  d«s  alndmu  at  d«  rocba,  p.  77. 

1  For  Biial;>M  see  WuhlngtoD's  Tsblee,  Vnt.  Papct  U.  S.  Qed.  Survey  No.  14,  ll»3,  pp.  »t,  US,  SOt. 
IO>,t«,lU. 
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AHAIiOTTB  BOOKS. 

The  occurrence  of  analcite  as  a  primary  minera]  was  first  recog- 
nized by  W.  Lindgren,'  who  described  certain  rocks  from  Montaaa 
as  analcite  basalts.  In  them  the  analcite  played  a  part  like  that 
usually  taken  by  the  feldspars.  Since  then  the  mineral  has  been 
identified  in  a  considerable  number  of  other  rocks,'  and  W.  Cross  * 
has  fotmd  it  to  be  conun<Hily  present  in  the  phonolites  of  Cripple 
(^«ek.  According  to  L.  V.  Pirsson,^  the  supposed  "glass  base"  of 
monchiquite  is  really  analcite.  This  rock  was  originally  described 
by  M.  Hunter  and  H.  Rosenbusch  *  aa  consisting  of  obvine,  with 
either  amphibole,  pyroxene,  or  biotite,  or  all  three,  in  a  glassy  ground- 
mass;  but  the  composition  of  the  latter  is  that  of  analcite,  and  like 
analcite  it  gelatinizes  with  weak  acids.  In  a  magma  having  the 
general  composition  of  a  nepheline  rock,  the  presence  or  absence 
of  water  is  an  important  factor.  If  water  is  retained,  analcite  is 
likely  to  be  formed;  if  lost,  then  nepheline  is  generated.  Analcite, 
however,  is  more  nearly  akin,  structurally,  to  leucite  than  to  nephe- 
lite,  and  between  the  leucite  and  analcite  rocks  there  are  strong 
resemblances.  The  following  analyses  represent  the  last-named  rock 
family:  * 

■  Proo.  OallforaiB  Aad.  8d.  3d  Bar.,  vol.  S,  1»1,  p.  Gt. 
>  SeeeltatkDB  undw  maldl*  In  Ch^tcr  X,  But*,  p.  aro. 

•  Bbrt<aithAiui.Kqit,  U.S.  0ml.  BiirTa;,pt.a,  t8M,p.31. 

•  Jodf.  a«oit«r,  Toi.  i,  18M,  p.  en. 

•  lUn.  pM.  If  W.,  vol.  II,  180O,  p.  *S*. 

•  On  tba  uulcK*  todkati  SBnUnii,  ■««  H.  8.  WadiEngtan,  Jour.  OMlog;,  vol.  33, 1914,  p.  713.  A  nnuik*' 
U*  rock,  bblnncrlCc,  containing  n  par  exit  of  tntldta,  fomid  ncer  CtevrnxBt  Fus,  Alberts,  la  dasTltiad 
byj.  D.lIuK<Diie,I)ept.Hluca,CBiiadB,MaBa[UnBnlLNo.4,lSIL    Analralaby  lI.F.C<iUMcaop-a. 

97270'— BolL  616—16 ^29 
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450  THB  DATA  OF  QEOCHEMIBTBT. 

Analyia  of  oTuikiU  roei>. 

A.  Bodallts  lymtM,  Sgusra  Batta,  Blghwood  Uountsloa,  Uontana.  AmlTila  b;  W.  H.  11«It1I1& 
Daorlbed  b;  W.  Llndgrsn,  Am.  Jour,  fid.,  3d  atr.,  vol.  4G,  ieS3,  p.  38^  CootsEiu,  b  pscoiUcn,  txito- 
dUB,  SO;  ilbtte,  IS;  hoablendc,  3S;  BOdallts,  8;  aiulcEta,  3.    Hagnutln  KjmtxA  I.i.3.3.    itiJOdOM. 

B.  Aiulclta  tlngmtlte,  Mmehwtw,  Uunchuntta.  Anal^Md  imd  dncrtbed  by  H.  3.  Wuhbictm,  Am, 
Jour.SoL,4tti»r.,TDL6,l»8,p.lSa.  Coitatna, In pwnvitagn,  wsldM, ST.l;  albita,XJt;  nqdwUtv,  UU; 
OrthockM,  IT,3;  sgltlte,  10.3;  pyroine,  3,3.    Symbd  1.9.1.4.    JUluliow. 

C.  Htnmlta.  Hann  Bsr,  Lalw  Snperlcr.  Aiutlireteby  B.  W.Ctiu'ltoiL  DcMrtbed  bf  A.  P.  Colamra, 
Jtor.  OMdot;,  Tid.  7, 1809,  p.  431.  Cont&lciB,  Id  pcrcenlagoi,  uuldls,  17.0;  orllioelBBe,  2S.M;  UmdorlU, 
I3.a;eglrlt«,4M;  limanne,3.fie;  (sldl«,1.9fl.    8 Tmbol,  1.6.1.4,     Mlatiou. 

D.  Uonchlqulta,  Ltttte  B<lt  IfoanUlm,  UonUiu.  AmUyila  by  E.  N.  Stula.  Doifflbcd  by  W.  B. 
Wasd  andL.  V.  Flmau.  Cont«lii9oUTbw,»uglta,  bk)t!M,ana]cHe,  utd  apatite,  with  tnow  et  Bcrpenttna 
■Dd  clikrite.    Symbol,  in.S.1. 4.    Nu  mbnitg  luiiu  argued.    Cslltd  analdte  baaaT    -    —    -- 


r.  IbndUqntta,  Bl(  Bildy,  LltUa  Bdt  ICounUhu,  Htotuia.  Analysli  b;  V.  F.  BOtebmid.  D^ 
Kribsd  by  W«ad  and  Pimm.  Cmlalii*  pyroivie,  a  Idv  avpantlniwd  oUvIiim,  iron  ora,  andapattt*,  taia 
bu*a(aiialciW.    8rmb<d,  111,0.3.1.    MonMtuatt. 

O.  ICoDohlquitv,  HIghwood  Hoantaliu,  IIODtBiu.  Auolyila  by  B.  W.  Foots.  DMcrlbad  by  W«d  and 
nraaoa.  Coatalna  aoglte,  oIlTtng,  blotlta,  Iidh  on,  apatlU,  and  analcita,  witb  aoDie  wipentliie  and  a  UtUa 
taKdbL    Symbol,  in.B.3.1.    JfsiuUfBoK. 

B.  AnMoIC*  baialt,  near  Ciippla  Creek,  Colondo.  Analyata  by  BUlBbrand.  D«Balbcd  by  W.  Ciub. 
Catfalm  aoglte,  oltrtas,  analdte,  alkali  Md^ian,  blotite,  and  apatite.    Symbol,  m.eJLl.    MimdHpiat. 
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In  these  normB  snalcite  is  represented  by  normstlTe  nepbdite;  and 
biotita,  in  part,  by  olivine.  Ilie  anortbite  in  some  of  them  indicates 
a  abading  toward  tbe  plf^oclase  rocks. 

TEB  HOHZONTTB  aROlTP. 

The  rhyolite^anite  series  of  rooks,  and  tbe  tracbyte-eyenite  series 
also,  are  defined  by  tbe  predominance  in  them  of  alkali  feldspars,  and 
oommonly  of  orthoclase.  The  andeeite-diorite  series,  on  tbe  other 
hand,  is  characterized  by  plagioclase  feldspars-  but  between  tbese 
rocks  and  those  already  described  there  are  all  sorts  of  gradations. 
Between  the  orthoclase  and  plagioclase  rocks,  therefore,  considera- 
tions of  conTenience  have  led  to  the  formation  of  an  intermediate 
group,  whose  granitoid  membeis  are  known  as  monzonites.  Quartz 
monzonite  corresponds  to  granite,  monzonite  to  syenite,  and  so  on. 
The  effusive  equivalents,  intermediate  between  trachyte  and  andesite, 
have  been  named  latites.  All  of  these  rocks  carry  orthoclase  or 
anorthoclaae  with  plagioclase  in  approximately  equal  amounts,  with 
or  without  quartz,  and  with  smaller  amounts  of  the  ferromagnesian 
siUcates.  The  next  table  of  anal^ee  represents  members  of  this 
intermediate  group. 
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452  THE  DATA   OF   GBOCHEMISTEY. 

Anaigmi  of  mtmionita  and  lalUa. 

A.  Qnaiti  nunuaDtto,  BaII«7,  Tdiho.  Anil;ils  by  W.  F.  HlDabnuid.  I>«Mrib«d  tif  W.  Undsm. 
ODOtabu  qiurU,  inHiririlwiii,  mlcroidtiit,  (djgodwe,  blotlta,  apMtta,  UtanltB,  and  "Tf^***  "tt-iT** 
■jmbol,  I.4JtJ.    I^HomoH. 

B.  Qnarts  moiUDQlto,  TaOorlds  qDadnn^  Colcndo.  Aaalrtilbj  E.  N.  Btoko.  Dtsoribail  by  W- 
Cnm.  Coottlns  arthocks*  uxl  plaglaolEW  In  nearly  equal  anUNUita,  qoarti,  ■oglta,  hocnblcDde,  tdottCi, 
uacMtlta,  and  ([Mtila*.   Symbol,  1.1.2.3.    Totctmoti. 

C.  Btotlt»«<iglt«latlu,neaiC1avn  H«Mlew,  TnoIiimneCo(U]ty,CalUantla.  Analjib  by  Hfflatmd- 
DMCTDMd by F. L. Ransoms.  Co ntaln9ptagloolue,blotlM,uiclIe,inagIietlt«.vatlts, andean.  Symbol 
1.4.2.3.     Tmcanot. 

D.  Uomantte.TlDtkidlstrlot.Utah.  Analyila by  Btoln.  Dncrlbadby  0.  W.TomwidO.O.Bmlai- 
CeDtalnsortbocluii.plagliKdasa,  qaBiti.homblcode,  blotlt*,  magnsttte,  apatita,  drcon,  and  Utantte,  wtti 
altttlechlaritiudapldota.    Symbol,  II.4.3.3.    Barat. 

E.  HoDioDlCc  (yogolM),  Yogo  Peak,  LltUa  Belt  Houstslns,  IConlsna.  Analysis  by  Hnktifand.  D«- 
Bcrib«dby  W.  H.  WMdaad  I>.V.  PlnsoQ.  ContalnaoithoclaM,  allgocls8e,pyTOiii>ia,honibl(Dd<,blDttt(^ 
^■tlte,  tltanlM,  Iron  ore,  and  alittl*  kaolin.   Symbol,  n.B.2,],    Jfimianow. 

F.  ADElMlsllla,  Dudanallenow,  TaolumnaCoanty,CalUoni]a.  Analysis  by  Stokn.  Dcaatbad  by 
Bansome.  Contains  placlodase,  anglta,  Iron  on,  soma  ollTins,  apatite,  and  brown  glass.  Symbol,  D.6.2.3- 
JfonsmoK. 

a.  An^  latita.  Table  Uonntftfn ,  TDoImnns  Comity,  Calttimta.  Analysfaby  BBlitnDd.  Daofliad 
hj  Ransoms.   Contains  labradorlta,  olivine,  auglte,  and  magnotlts.   Bymbtd,  II.I.3  J.  Skutonw. 

H.  HonionJte,  La  Plata  MoontaltB,  Colarado.  Analyita  by  Stokn.  Dasmlbal  by  Ciciss.  Contalna 
ortbodasa  and  idaglncUM  In  nearly  sqnal  amoonts,  anglte,  homblaide,  qnarts,  tltantts,  macnatttc^  and 
i^attl*.    Bymbid,  II.B.3.4.    A^iott. 
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TUK  ANDE SITJE-DIOBTTB  8RB3EB. 
From  the  monzonite  group  to  the  dacites  and  quartz  diorites  tlie 
gTadation  is  very  sligbt.  These  rocks,  which  mark  the  persilicic  end 
of  the  andeeite-diorite  series,  are  characterized  by  quartz,  with 
plagioclase  as  the  prevailing  feldspar,  and  with  subordinate  amounta 
of  femic  minerals.  The  dacites  are  eruptive  rocks;  the  quartz 
diorites  are  their  granitoid  or  plutonic  equivalmte.  They  correspond 
to  rbyolite  and  granite  in  the  orthoclase  series,  and  between  dacite 
and  quartz  diorite  there  axe  porphjritic  forms  analogous  to  the 
quartz  porphyries.  For  dacites  and  quartz  diorites  a  single  group  of 
analyses  must  suffice,  as  foUows: 

Analj/tu  ofdadUi  and  quarU  dwrila. 

A.  IHdt«,B<HCiMk  ViUi.Hbuts  County,  CKlUomls.  Amlrata  by  B.  B.  Biggs.  DcMrlbcd  by  J.  8. 
DQlv.  Cantelna  plagiodau,  vltb  B  Uttlt  aanldlna,  bamblande,  quvti,  m«CDfltlt«,  lome  pynnoM  Inglu- 
■koa,  and  glasi.    UigmMbi  symbol,  LiJt.i.    Lanaiou. 

B.  Qii>rtidiarlta,iiwiEntcflirls«,ButleCouBty,CalI[i»iil&.  Xnalj^ta b; W. F. Hlllebnnd.  Rspoctad 
by  H.  W.  Tumar  to  eontBtn  ptafloolaM,  pottab  feUspsr,  quarti,  homblcDda,  mlcs,  uid  aannBOria.  Sym- 
bol, I.t^A.    LatienOK. 

C.  ItecHe.BcipaldWT  Mountain,  YsllDWStoiMNatkaial  Fait  XnalyBlaby  J.  E.  WbitSdd.  Dmrlbcd 
byl.  P.Iddinp.    C<mtoiiui[dBelc»lua,quani,blotlU,aDdtu>nibl(Dde.    Symbol,  T.4J.4.     yiiliWKtMoH. 

D.  Qnarti  dloilta,  Flgton  Point,  IClnnnota.  Aualysb  by  HUMhUhI.  Dncrfbad  by  W.  8.  B*ytey. 
Cmtalns  taldapu,  qoarti,  bombloHl*,  <3iioriU,  itugiutlt«,  kpatlte,  uid  rutlla.    Symbol,   n.4,2j. 


ta  County,  CaUfornla.   Amlysla  by  Hlllataraad.   Dcasfbtd 

mblmdii,  bcawD  inka,  Inm  on,  and  ap*tll«.    Hanote. 
Ite.ElaotiloFnk.YsllDwBtODB  National  Park.    Aiulysk  by  Wbltfl^d.    Dttorlbod 
by  Iddlnt^   Contains  plogkielaBB,  orthoolaM,  quuCi,  blotlte,  bombleDde,  angtt*,  and  hypastbsiaL 
gymbtd,  n.4^1.    TiMaloit. 

O.  Quarti-mleadlortK,YaqiilCiMk,  IbripoaaCoanty.CalUomlB.  Analysfa  by  H.  8taig<r.  Docrtbad 
by  TarDK.  CodIsIds  plaglDdBN,  qouti,  blotlte,  honibhcide,  a  Iftcle  pynaau,  Iron  on,  and  apatita. 
Symbol,  tI.U.4.    TauttlOK. 

H.  QDUti-mk»4mnblande  dtorlta,  8tona  Ron,  Cull  County,  Uaryland.  Analysb  by  HUMnud. 
Doerlbad  by  A.  a.  Laanaid.  Conlalns  htiinblanda,  blotlte,  quuU,plBgloolaM,  BUltlBortfaaolaaeiilnmi, 
apatite,  tltanlla,  and  magnetite,  wltb  secondaiy  chlorlto  and  t^ldota.    Symbol,  n,4,i.a.   Banime. 
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Anidyaea  o/dadta  and  quartx  diortto— Ooutiiiaed. 
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With  these  rocks  it  moat  be  borne  in  mind  that  nonnfttive  ortho- 
dase  in  part  repreeents  biotite.  The  actual  orthoclase,  therefore,  wiH 
be  less  in  amount  than  appears  in  the  norms. 

Dscite  is  a  quartz  andesite;  and  the  andeaitee  which  are  poor  or 
lacking  in  quartz  form  a  group  of  rocks  parallel  with  the  trachytee. 
They  contain  plsgiodase  as  a  principal  constituent,  with  subordinate 
biotite,  hornblende,  or  pyroxene.  Six  analyses  of  andesites  are  givea 
ID  the  next  table. 


.y  Google 


lONZOUB  BOCKS.  455 

Analyte*  ofandttila. 

A.  From  Ftkea  PoA,  Colorado.  Ajulnb  by  V.  F.  Hinebnod.  XMnrdbw  to  W.  Crora,  It  ocobtbi 
pkgkxdua,  ortboduo  (Tl,  tat\ta,  bUlngilta,  HjpKtOuaB,  flakn  of  ItmtDito,  uul  b  Uttl*  MdrmlM. 
ilafnu,tiiejiabal,IA23.    PaZubiK. 

B.  Pmn  BUrtf  CUfl,  ColontdD.  AnalTSlsbrL.  O.  EaUaa.  DcocrflMd  b3F  Cross.  Contains plaghnlua, 
artboclBst,  angftt,  btotlt«,  bamblmde,  qouti,  mucoetlte,  and  apatite.    Symbol.  IIJL3.4.   Aktreic. 

CAngltBaiidsslU.  Dike  Honntaln.YaUavitanoNBtiasul  Park.  Analysis  by  HUkbrand.  Aocordlas 
to  Arnold  Haeoe  md  T.  A.  Jagpr  It  ccntalDB  plaglDclan,  anglte,  apMIt*,  nuinettt*,  and  sarpmUnliad 
ottTtna.   Symbol,  It<La.3.   autHimeie. 

D.  Aiiclt»bRi&dt*  mdcBRc,  Unga  Island  Alaska.  Analysis  by  HOMicaad.  IMaaibsd  by  G.  F. 
Baokar.  Cunlalns  pl»ele<Jas«,  augtto,  bnmilla,  a  llttla  gins,  and  somo  IndattrmJoate  malarial.  Symbol, 
tU.3.1.   AadoM. 

B.  Hypersthaa  udoita,  Fiaokl&i  HIU,  Plumas  Cinmty,  Calltomla.  Analysis  by  HfllabnDd. 
Boportad  by  E.  W.  Tunuc  to  oootaln  plagloclase,  ibomblo  pyroisna,  aaglte,  and  magnetil*.  Symbol, 
ILS.4.3.    BatOM. 

F.  Anglte  HodtBlte,  nwr  Bl«i»rla  Tmk,  ytilowatona  National  Park.  Analysis  by  HlUelirand. 
D«BCrib«d  by  1.  P.  IddMcs.  Ccotalng  plsgloelase,  malscoUte,  acttauUta,  and  magnatlta.  Symbd, 
TTt  K»a     SnUHtnoti. 
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Diorite  is  the  plutooic  eqiUTslent  of  andesite.    It  is  commonly 
defined  as  a  granitoid  rock  consisting  chiefly  of  plagioclase,  with 
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either  biotite  or  hornblende,  or  both;  but  many  diorites  carry  pyrox- 
ene also,  and  shade  into  the  gabbros.  In  fact,  as  the  femic  minerals 
become  more  prominent  in  rocks  the  problems  of  classification 
become  more  complex,  and  the  results  are  less  satisfactoiy  than  vith 
the  similar  mixtures  of  feldspar  and  quartz.  A  variety  of  diorite  >a 
called  "camptonite."  Tonalite  and  kersantite  are  other  varietieB. 
The  following  analyses  represent  the  diorite  group: 

Analyta  (ffHonUt. 

A.  Dlcrfte,  Hoant  Asaatosy,  Vcnnont.  Anolysia  by  W.  F.  BlDalmid.  Doeribad  by  B.  A.  Otlj, 
Contolni  bomblende,  oiiglti),  blotlt«,  pUglaclaw,  tltanlfemu  magnetite,  tltanlU,  ilrecm,  uid  quart*. 
Magmatio  aTmboI,  11  JI.2J.    Umuonoti. 

B.  Dlorlteporph>t7,I.aFlatsMouiitaIii9,Co]ocBdi>.  Analysli by  HUlebrand.  Dewzlbad by  W.Ctoib. 
Contsbia  bomblende,  plagloolese,  orthoclaM,  quarti,  tltaclta,  apatite,  and  magOBtile,  wttb  geccmdaiy 
epidolc, chlorlta, and calclts.    Symbol, n.fi.2.4.    Atente. 

C.  Dkirlta,  Craiy  Uotmtalns,  Uontana.  Analyila  by  HUlebrand.  Amrding  to  J.  B.  WalflttoanU:hB 
blotlte,  labndorlte,  auglte,  orthodaM,  quarti,  magnetite,  apatite,  and  htnbleiida.   Bynibo),  UJIJJ. 


D.  TonBlIte,SatiUiLSTerett,UarascbiiMtts.    Analyili  by  L.  O.  EaMns.    DcecrlbedbfB 
Contains  Mdapar,  hornblende,  and  epidotic  quarti  veins.    Symbol,  II.fiJI.4.    iniote. 

E.  Dkrlta,  South  Honciit  Creek,  Batte  County,  CalUOmia.  Analysis  by  HiUebnmd.  Beixatid  by 
E.  W.TuRurtacontalDreldspar.honibleDde.andallttlechlarlte.    Eymbid,  n.SJ.5.    BarbaOiott. 

7,  Cunplonlte,  La  Plata  UountBlns,  Colorado.  Analysis  by  Hlllebrand.  Repcrtedby  CmeatocoDtafn 
bwnblaide,  auglte,  plagloclBBe,  orthoclase,  magnetite,  apatite,  and  some  aecoDdary  caletta.  Symbol, 
III.G.3.3.    SmtaUtnotf. 

6.  Camptonite,  ICount  Ascutnay,  Vennrat.  Analyilaby  ElUebraml.  Deecribcd  by  Daly.  Cinilaini 
plaelDOlaae,bcnibleDde,  a  little  augile,  olivine,  magnetite,  and  apsttte.    Symbol,  III.t.S.4,    CmpMMee. 

H.  Slorlte,  Bump  Uountaln,  Mllchell  Caanty,  North  Candtn*.  Analysis  by  ElllehnDd.  Reported 
by  A,  Keith  tacontalnplaglaclase,orthoola9a,hornblende,qnartf,blotite,  magDMita,  andfamet.  Sym- 
bol, ni.S.U.   Atattrtatt. 
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ioai2 

100.46 

99.80 

99.98 

lOlTBOTrS  BOCKS. 
JnoIyMi  0/  dioKla— Oontmned. 


A 

B 

a 

D 

B 

V 

0 

H 

Q 

4.9 
24.6 
37.2 
16.0 

7.7 
16.1 
44.0 
13.9 

3.1 
18.9 
26.7 
19.5 

2.3 
14.6 
26.7 
2a4 

6.0 
4.4 
41.9 
20.3 

16.0 
17.8 
22.S 
L4 
21.4 

'■"7.' 2' 

7.4 
2.3 

ILl 
24.6 
20.3 

29.2 

2.6 
6.9 

6.7 
5.6 

27.8 
2.7 

8.1 

18.4 

6.9 
16.6 

16.1 
9.2 
6.4 
3.6 
6.4 
L3 

by 

T::::^^::^^:^ 

3.2 
2.9 
LS 

3.2 
1.2 

1.2 
1.1 

2.6 
1.7 

2.3 
1.1 

4.2 

u 

THE  BASAZ,T8. 

The  basalts  form  an  ill-defined  group  of  lavas  which  vary  from  the 
andesites  in  containing  a  larger  proportion  of  the  femic  mineraJs. 
Plagioclase,  pyroxene,  often  olivine,  and  m^netite  are  the  principal 
minerals  of  basalt,  but  many  variations  of  it  are  known.  Some 
basalts  are  free  from  olivine,  other  examples  contain  such  minerals  as 
leucite,  nephelite,  melilite,  etc.  Hornblende  basalts  are  known,  but 
they  are  rare.  In  a  few  basalts  quartz  has  been  identified,  but  its 
presence  ia  anomalous  and  not  well  explained.'  The  following 
analyses  relate  to  basalt,  as  the  imqualified  term  is  commonly  used. 

1  Bm  J.  B.  ntllv,  Boll.  U.  B.  Oval.  6an*j  No.  n,  UM. 
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THE  DATA  OF  GEOCHEMISTBY. 


Analyset  of  baialtt. 


A.  Bualt,MrlTflow,  TabhIfounlatiiiColcndo.  Aiial;i!>br  L.  0.  Ealdoa.  DttcrlUiitiyW.Onm. 
CootaiDS  auglto,  oUrfne,  idKlocIug,  prolMblr  ortboctaM,  nucDetllc,  Bpatlte,  and  a  Itttia  blotlte.  Ifa^ 
niBtle  i;mbgl,  nj^J.    StodMnou. 

'    B.  Bualt,  Saddle  Motmtaln,  PikcB  pMk,  Colando.    AnalTili  by  W.  F.  HUhbnod.   QMOibMl  tiy 
Cnsa.   C<Hilaiiiiaugll«,diTlne,  plBgSDClue.ortbodase,  magDeUl«,blotlle,ttldai»tit«.  Symbol,  n.U.4. 

G.  Quarts  basalt,  Chidtc  Com.  nmc  Luwn  Peak,  CslKoniia.  Analjili  bj  HflMmid.  Dacribad  by 
J.  S.  Dilltf.  Coatabii  plBglodue,  pyroiaat  (mostly  bypanthans),  oIlrlDe,  qoarti,  macnetlts,  ausita 
gparbifily,  and  mucb  imMdlvIdualiicd  basa.    Symbol,  U.G J.t.    AndoMt. 

D.  Basalt,  San  Joaquia  River,  Uadtnt  County,  Calltcmla.  Analyxli  by  Hfllabnsd.  Bapcrt«d  by 
B.  W.'Tiiiiiar  to  cmtala  pyromnB,  partly  nugllc,  jdaglodasii,  ultvliu,  and  Inm  on.    Symbol,  n.SJ.i. 

E.  Bamt,U(iClmd  Rlvv.iwr  If  oontSbaMa,  California.  Analysis  by  H.  N.  Btokea.  Notdaralbad. 
Symbol,  UA4.3.    ffeuDW. 

F.  Basalt,  San  Bafad  flov,  Colbx  Coonly,  Naw  Uarlco.  Analyili  by  HUlFtsand.  Acoodlsg  to 
Cross  It  contains  idaglodasa,  aaglle,  ollvlna,  mueh  tddbipltv,  miciwtll«,  and  apatlta.   Symbol,  UtJJ^ 


A 

B 

c 

D 

E 

F 

o 

SiO 

49.69 
18.06 
2.64 
6.19 
6.73 
8.24 
2.99 
3.90 

.81 

48.76 
15.89 
6.04 
4.56 
6.98 
8.16 
3.43 
2.93 
.40 
1.48 
1.66 
.60 

CT.26 
16.45 
1.67 
4.72 
6.74 
7.66 
3.00 
1.57 

.20 

51.89 
15.28 
3.10 
3.60 
8.68 
7.38 
3.27 
2.67 
1.17 
1.37 
.91 
.61 

47.94 
18.90 
2.21 
8.69 
8.21 
9.86 
2.81 
.29 
.39 
.74 
.67 
.15 

4&36 
16.47 
4.80 
7.68 
8.16 
8.81 
3.09 
.96 

;73 

1.33 
.33 
.07 

SSp.v :::::::; 

.12 

.18 
.13 

.13 

.10 

.12 
.02 
.16 
.09 
Trace. 

Tnce. 

Nom!" 
None. 
Tmce. 

.21 
.02 
.06 
.03 
Trace. 

Trace 

.17 
.06 

.03 
Tiace. 
None. 

i^:::;:;:;::::::::: 

100.27 

100.23 

100.38 

100.21 

100,66 

100.26 

M.W 

A 

B 

c 

D 

E 

F 

O 

6.9 
9.6 
26.2 
26.7 

22.8 
19.4 
24.5 
9.1 
9.4 

17.2 
26.7 
19.2 
1.1 
14.1 

15.0 

27.8 
22.2 

1.7 
23  6 
38.1 

6.6 
26.2 
26  6 

19.4 
26.6 

9.0 
18.9 

""2.'3" 
LI 

9.0 
7.9 
7.2 
4.6 
1.7 
1.2 

8.9 
5.9 
17.0 
3.2 
1.1 

14.7 
&7 

10.5 
7.0 
2.6 

19.7 
18.1 

hy 

12.8 
3.7 
1.7 
1.9 

6.6 
8.6 
3.1 
1.3 

3.9 
2.2 

lONEOITS  BOCKS. 
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Hm  followiag  table  contains  analyaee  of  a  number  of  axcoptional 
rocks,  which  are  classed  with  the  basalte,  but  vary  from  them  in 
having  the  feldspar  more  or  less  replaced  by  leucite,  nephelite, 
or  melilite.  The  tmiqxte  venanate  is  placed  here,  as  btung  more 
nearly  akia  to  Urn  group  of  rocks  than  to  any  other.  Tho  analcite 
basalts  given  in  a  previous  table  properly  belong  hae  also,  and  so 
perhaps  do  some  of  the  rocks  described  in  connection  with  the  tables 
on  pages  444-450. 

Awdyta  of  hataltie  rodt. 

A.  dUta,  KdIb,  Lrdb,  iLsta  Hhur.  DfacTlbad  and  unlyiod  b;  H.  B.  WuUngteo,  lour.  a«cilag7, 
Td.e,lWD,p.B13.  CtalkiiB, In psrcwitagH, HUKthlto,  IT.S;  ■lblto,S.4;  urthoolBB, 3S.4;  nephaltta, 30.4; 
dlOiaUB,  13.8;  olhrliM,  ID.T;  nugnstlte,  li;  apatlta,  lA.  Tiu  dlopslile  li  dcrlred  Iram  hcnblende. 
Haematic  lymbol.n.e.l.l.    Xuaote. 

B.  Leocttekulaite,  Eiila.  Dnoribadaiidaiialyiad  bj  Wubinctgii,  lac.  c!t.  CoDtabu,  In  psrocEitagn, 
nuthlt*,  17.K  slbite,  S.S;  Isnslto,  1T.4;  upMlte,  13.S;  dtc^alda,  I3.S;  Olitlw,  9^;  nuwpetUe,  3.7. 
Sfmbi^  II.S.1,4.    Eaamt. 

C.  Baaolt,  Plato  UoaDtalo,  Uralde  Count},  Texas.  Amlj^ls  b;  W.  7.  BDIabrand.  Dcacrtbad  by 
W,  CioM.  CiHitalDS  ollvtiw,  angfCe,  plagloclan,  magnatlle,  apatite,  ind  a  ytrj  little  alkali  Mdipor. 
Bjmixi,  ia.62A.    UnAur^uf.  * 

D.  Laootte  basalt,  HlghvoodlfDuntabu,  Montana.  Analjils  bf  H.  W.  Toota.  Described  by  W.  H. 
Weed  and  L.  V.  Flimoo.  Oontaliis  auglte,  dlfvlne,  btotlta,  eomeleaclte,  analclla.  Inn  on,  and  apatite. 
Symbol,  111.7.1^.   Mo  sobmig  name  given. 

E.VmuiiIteoreactcdttB,  Ban  Venuuo.ITmbrb,  Italy.  Dracrtbedby  B.  Roeenbmcli,Sltiun^b.Akad. 
BarUn,  ino,  pt.  1,  p.  til.  CanUIu  ollTlnB,  melllitB.lauclla,  btotlte,  nu«iietlte,  eoma  nollta,  and  a  tiwie 
itfiwpbellle.    Symbol.TV  l*,l.a.     VtnamoK, 

V.Nep!udll«buBlt,TomIfium'sH[ll,Uva]deCoanty, Texas.  Aiulyals by HUlebnad.  Describedby 
Cms.   ConlalasolfTlna,uiglte,  nephelite,  iiiaeiietlte,aDd  apatite.   Symbol,  IV.Ii.U.    Ucaidou. 

Q.  NepbeUte  boaJt,  Blaok  Uoontaln,  Uvalde  County,  Texas.  Analysis  by  HDlebrand.  Deaoilbed  by 
Cnas.   CiBil»tDao(lTbie,aiiKlt«,n9ballte,  magnetite,  sod  ^ntlte.   SymtxA,  tV.3i.lJL    lAaUDN. 

H.  Nepbtfttfr-meinila  basalt,  nsar  Oralda,  Texas.  Analysis  by  HDkbraDd.  Denxlbsd  by  Ctcml 
CcDtalnB  nepbellte,  meinlte,  olivine,  BOEtle,  apatite,  aikd  macnetite.   Symbd,  IV.7.1.3.    OOMelat*. 


A 

B 

C 

D 

E 

F 

a 

H 

48. 3S 
19.  M 
2.18 
6.25 
6.15 
7.98 
5.47 
3.99 
.16 
.22 
.12 
.84 

49.90 
19.89 
2.55 
4.78 
6.06 
7.21 
5.60 
3.74 
.13 
.19 
.93 
Traoe. 

46.11 

12.44 

2.67 

9.36 

11.56 

10.61 

3.05 

1.01 

.16 

.78 

2.34 

.51 

.01 

46.04 
12.23 
3.86 
4.60 
10.38 
8.97 
2.42 
6.77 
12.87 
.64 
L14 

41.43 
9.80 
3.28 
5.16 
13.40 
16.62 
1.64 
7.40 

None. 

40.32 
9.46 
4.76 
7.48 
18.12 
10.55 
2.62 
LIO 
.67 
1.26 
2.66 
.68 
.01 

B9.93 
8.60 
4.40 
8.00 

10.17 

10.68 
L91 
1.03 
.43 
1.46 
2.70 
.51 

Tiace. 

al3. 

10.14 

m' 

UkO 

14.69 

OKI 

L82 

a*  * 

.04 

Tttce. 
.11 

:::::::l::::'-: 

.11 

TJndet 
.04 

.06 
.04 

rrace. 
.07 
.04 
.14 
.24 
.06 
.06 
.04 

Trace. 

7 

rSt 

MiJtf 

Trace. 

Tnwe. 

.22 
.04 

Ti*ce. 

Tmce. 

None. 

Tiace. 

.26 
.06 
.06 
.03 
Tmce. 

Siio 

.48 
.26 

.06 

99.96 

90.97 

ioao2 

99.76 

100.12 

100.09 

100.46 

loais 
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Anati/tn  ofha»ai&i  roeb— Ocmtdnned. 


A 

B 

c 

D 

B 

F 

a 

H 

23.4 

8.9 
18.1 
20.1 

22.4 
13.6 

18.1 

ia2 

6.1 
13.1 
17.2 

as 

22.2 

8.S 

6.3 
11.1 

'"'i's' 

25.0 
""42" 

"si's' 

29.8 
2.8 
.6 

11.1 

12.0 
8.5 

S.9 

k::::::::::: 

9.6 

2.6 

4.9 

8.1 

13.4 
10.1 

14.2 
7.6 

19.8 

26.3 
12.3 

29.8 
26.2 

"7.0 
5.1 
1.6 

24.6 
82.1 
2.4 
6.3 

6.1 
1.2 

ol. 

3.8 

3.7 

1.7 



3.9 
4.3 
1.1 

5.6 
1.2 
2.6 

6.3 

1.8 

The  api^srance  of  nonnatiTe  kaliophiUte  in  aualyna  E  is  vary 
striking.  The  abBonce  of  normative  leucite  from  the  "leucite  kulaite" 
is  also  noticeable. 

DIABASE. 

Intermediate  in  texture  between  basalt  and  the  granitoid  gabbros 
are  the  diabases,  which,  like  basalt,  are  principally  composed  of  pla- 
gioclase,  augite,  magnetite,  and  sometimes  oCvine.  Their  range  of 
composition  is  fairly  well  shown  in  the  next  table. 
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Anaiyei  {/ duAoM. 

A.  TnnipIkeCiMk,EtttilMCoiintr,'W'HhInKt<gi.  Aim1j«I«1i; W. F. HnitbltBd.  Ktportcd b; O. O 
8mllhtaotntBlni^acioilua,iiigKa,allTiiie,iiuEiMtllc,uidiiiatRc.    v±gt-fHi-jm-hrii  n  i^fi    Jbaoliiw. 

B.  Of*HVall*7,M«n<taCoaiit7,  CklUxnlB.  AulTilabr  H.  N.  BMkn.  Dacrftwd  b;  W.  Undtm. 
CoUkbu  laHipM,  prnoeiu,  bcnblaadB,  Umoilta,  pjirhMlM,  pyrltc,  and  ohkrite,  with  probablr  ■  llttla 
qdvti.    BjmM,n.4.4X    JdttdOM. 

C.  mwhiiiii  CaBjtm,  YeUmntOM  Natlnokl  Fnk.  Analyita  br  HIDabniuL  CcnWM,  HWadtac  to 
AnuMHaCiMUidT.A. JiB(u,pla«loelue,uiKHe,uidctikril<.    Symbol, IU.S.4.    AiOat. 

D.  AtoMlMik  Filb,  Katna.  Analysli  by  HOlabnad.  Descrlptko  by  H.  E.  Ongory.  Cdntaluapl^ 
fladM*,|ijninn«,pyTlt«,mtfIU,chl(aiU,andsilttlagaliitt«.    Symbol, Il.t-U,    Burbidmt. 

B.  DkbsM  parphyrr,  luu  UUton,  Ston  Coonty,  CallltnilB.    Analyilt  by  HlUabniid.    DMcrflwd  by 
.    B.  W.  ToiiMr,    ContalmpliElodan,  auilta,  iQd  hornblsuda.    Symbol,  in. Sj.l.    ampiMoti. 

F.  Uomit  AMnitDV.  Vmnoit.  Analytii  by  HlUabniid.  Dmrtbwl  by  B.  A.  Daty.  Cautatau  ph«ki- 
elaM,aagUa,  and  mainMltc.    Byrnbd,  inJLI.J. 


A 

B 

C 

D 

s 

F 

sio 

67.21 
12.90 
a  28 
10.18 
1.69 
6.97 
3.07 

i.ei 

.88 
LOS 
1.72 

63.19 
17.12 
4.36 
6.16 
3.98 
9.39 
2.79 
.28 
.17 
1.21 
1.34 

62.18 

iai9 

131 
4.36 
4.69 
6.61 
4.68 
1.88 

.76 
2.00 

.99 
None. 

.29 
Tiwe. 

49.64 
16.07 
1.66 
a82 
6.43 
7.23 
4.19 
.89 
.46 
2.81 
2.32 

5L27 
12.14 
2.61 
6.71 
10.86 
10.32 
ZOO 
1.63 
.17 
1.16 
.60 

""'ki' 

CO.* 

Rd 

'.a 

.13 

ci"/;////;......:  ; : : ; : 

None. 

.24 
Tiwe. 

.06 

Tmc«. 
.13 

.04 
.26 
Trace. 
.02 
.06 

"""."7»" 

m£3:"::;;.":::::;::;;:::::: 

TMce. 
Tmce.' 

.14 

Tiac€L 

.11 

1^ 

.2i 
.04 
.07 

Trace? 

Trace. 

NiO 

SrO 

LW)  . 

iSS""""-"::"::;:;::'": 

ioa20 

100.  OS 

ioao4 

100.27 

99.92 

100.17 

A 

B 

C 

D 

B 

F 

Q 

16.4 
9.6 

26.2 

16.7 
&9 

12.6 

ia4 

1.7 

2a« 

314 

lae 

9.6 

11.1 
38.8 
23.4 
7.2 
3.8 
6.S 
4.9 
1.8 

6.0 
36.6 
19.7 
119 
6.0 
9.0 
2.3 
43 

9.6 

ie.8 

19.6 
26.4 
16.6 
6.7 
16 
1.2 

d?;.\::;;:;:::;:;;:;::;:::;::: 

hy 

7::::::::;:::::::::;:::::;:: 

4.9 
3.2 

6.3 
2.6 
.9 

ii 

1.0 
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THS  QABBKOS. 

"Hie  gabbros,  whicb  aie  tiie  granitoid  equivalents  of  the  basalts 
and  diabaBes,  consist  mainly  of  pla^oclase  and  pyroxeiie,  with  vari- 
ovs  admixtures  of  other  minerals.  At  one  end  of  the  series  we  have 
anorthosite,  or  labradorite  rock,  which  ifi  almost  entirely  composed 
of  feldspar;  at  the  other  end  the  plagioclase  diminishee  in  amoont, 
and  the  rocka  approach  the  pyroxenites.  Normal  gabbro  contains 
monoclinic  pyroxene;  in  norite,  rhombic  pyroxene,  usually  hyper^ 
Bthene,  appears.  The  gabbro  family  is  a  lai^  one,  with  many  Tarie- 
ties  of  rock,  and  only  a  few  examples  of  it  are  covered  by  the  subjoined 
table. 

Analyttt  ofgahbrot. 

A.  AnotthoalU,  Uonbeeim  Isbod,  HaJne.  Anstyted  imii  described  by  S.  C.  B.  Lotd,  Am.  Oeolocfat, 
voL  26, 1900,  p.  340.    Hcnrly  pure  ploeiadBae.    HngmBtlo  symbol,  T.E.S.     Vanadate. 

B.  Oabbra,  wbc  EmlEiBot  Gap,  Fluw  Coim^,  CaliionilB.  Analyali  by  W.  F.  HlllalaHid.  DtocrflMd 
by  W.  LlndgraL  Coutaba  biotlta,  hypentlKDe,  dlallagc,  plagkidue,  and  attbocbu.  Symbol,  ILU.«. 
AliiaK. 

J  Hflhlmnd.    DcBCrlbad  by  Lfndgrai.    CocLtalni 


by  J.  F. 


C.  OBbbrD,  Emlgmit  Gap,  Caliloniia.    AnBlysb  b; 
bypsrnlicne,  dlalltge,  plagioclase,  and  aithociass.    Symbol,  I1I.4.3.4.     Vaaiau. 

D.  Noilte,  EllialMthtown,  Essex  County,  New  Yor3[.   Analysis  by  Blilebnnd. 
Eamp.    Contains  labradorite,  hypimttiais,  gamals,  suglU,  bombloid*,  blotlta,  nucnetlU,  ai 
Symbol,  III.G.3.*.     CamfUmate. 

E.  Brooilte  noiltn,  Crystal  Falls,  IClcItlgan.    Analysis  by  O.  Btelger.   Dascrlbod  by  J.  IL  CiMnnIa 
■nd  H.  L.  Bmytb.    Contatns  bnmilla,  bombleode,  and  labnidoritc.    Symbol,  in.S.lJ.    ^iwrryaow. 

F.  OUvlae  gabbro,  Blioh  Lske,  Ubumola.    Analyals  by  H.  N.  Stokes.    Contains  ■  iaift  prapottkii 
afdisHagtandoUrfna.    Bymbol,  ni.G.4.3.    Aarrrjnoie. 

Q.  Hyparathane  gabbro,  WstbsiidTlIlc,  Uaryland.    Analysis  by  HUlBbraud.    Dtasribad  by  O.  H. 
WllUams.   Contains  byposttMoe,  dlallage,  plagloctoee,  magnatlta,  and  iqMUIc.   Symbol,  IILfi.G.    KtU. 


Described  by  W.B.Bvbqr 
IV.I.L1.    CtatoM. 

A 

B 

c 

D 

B 

r 

■   0 

H 

45.78 
30.39 
1.33 
L22 
2.14 
16.66 
L66 
.10 

}.„ 

66.40 
15.32 
2.70 
6.49 
5.75 
0.90 
2.89 
1.52 
.03 
.38 
.60 

66.87 
13.52 
2.70 
5.89 
6.61 
8.87 
2.42 
1.72 
.09 
1.58 
.6. 

47.16 
14.45 
1.61 
13.81 
5.24 
8.13 
3.09 
1.20 
.12 
.48 
8.37 
.36 
.67 
.14 
(?) 

48.23 
18.26 
1.26 
6.10 
10.84 
9.39 
1.34 
.73 
.26 
2.00 
1.00 
.43 
.07 

45.66 

16.44 

.66 

13.90 

11.57 

2!  13 
.41 
.07 
.83 
.92 

44.76 

18.82 

2.19 

4.73 

11.32 
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IQKEOUB  BOOKS. 
Anaiyta  q^fo&tro*— Oontinued. 
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20.4 
20.9 

0.6 
12.1 
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34.2 

0.6 
7.3 
47.0 
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20.6 
U.4 

19.0 
14.6 

12.5 
8.1 

12.8 
2.3 
6.4 
1.3 

3.9 
29.9 
2.9 
1.9 
1.8 

1.4 

10.1 

30.3 
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20.1 
3.1 
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These  figures,  vith  a  range  iroia  persaUne  to  dofemane,  from 
1,6.5  to  IV.1.1.2,  are  enough  to  show  the  vftgueneae  of  the  temm 
gabbro  and  norite.  Although  it  is  difficult  to  see  why  B  and  C 
should  he  separated,  being  placed  in  different  classes,  orders,  and 
ranga,  the  quantitative  system  brings  out  tie  general  diversity  of 
character  better  than  the  ordinary  mineralogioal  classification.  It 
separates  things  which,  with  the  exception  above  noted,  are  easen- 
tially  distinct. 

TEKIO  BOCKS. 

From  the  feldspathic  gabbros  rocks  pass  by  insensible  gradations 
into  varieties  which  are  wholly  femic,  or  nearly  so,  the  pyroxenitee, 
homblendites,  and  peridotites.  These  rocks  may  contain  pyroxene 
alone,  hornblende  alone,  or  olivine  alone,  or  may  be  mixtures  of  such 
minerals.  Small  quantities  of  pla^oclase  may  remain  as  minor 
impurities;  but  they  count  for  little  in  classification.  Dunite  is 
nearly  pure  ohvine;  saxonito  contains  enstatite  and  ohrine;  picrite 
is  a  mixture  of  an^te  and  ohvine.  In  oordandtite  we  have  horn- 
blende and  olivine;  in  wehrlite,  diallage  and  oUvine;  in  IherzoUto, 
diopside,  a  rhombic  pyroxene,  and  olivine.  Welfflterite  contains 
bronzite  and  diopside,  and  so  forms  the  pyroxenite  end  of  the  series. 
The  nomenclature  is  varied,  and  the  terms  are  not  rigorously  used. 
Homblendite  is  a  femio  rock  in  which  hornblende  is  the  prevwling 
nuneral.*  The  following  table  deals  with  the  rocks  in  which  pyrox- 
enes predominate; 

I  Two  HialTM*  et  bc«iiU«idltM  an  glvai  fa  WtdilDgton'B  toblaa,  PioL  Papv  C  S.  QmI.  Snmjr  Ho. 
H1903,pp.UC,USb 
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L.  Cortlaodtlta,  B«ld 


1:HE  data  of   GE00HEMI8!FBT. 


±U98tts.    Analysli  by  L,  0. ! 


.   CoDtabu  lioRibliode,  pTTonme,  blaUte,  ollvbia,  and 

B.  Wchrllte,  DMi  Red  Bloff,  UonUiu.  AiuItbIi  by  EiUna.  Dfscilbed  by  O.  F.  UenHl.  Cantata 
eUvim,  ilalitft,  brown  mlo.ianly  plagloclan,  and  geciitidaiy  Iron  oilclcs.    Bjrmbol,  XV.l'.l^.     Wdrlimc. 

C.  Hornbleade  plcrlts,  NraHi  Itsadov  CreA,  Ucmtana.  Analrab  by  Ekklni.  Deacrlbed  Ijy  UaidL 
Conlabu  horaUoide,  olivbw,  pteanuta.  Iron  oxides,  and  oocasknully  hypcraBniK.   Bymbol,  IV.l'.l;!. 

D.  FyiDianlle,  Bdtlnwre  County,  Hsryland.  Anslyah  by  J.  E.  WUIAeld.  Dworlbed  by  O.  H. 
TTflUami.    Cootabu  hypRslhsne  and  dUIage.    Bymbol,  V.li.1.1.    Uartcctt. 

E.  Websterin.  Webater,  North  Caralina.  Analyili  by  £.  A.  ScIuiBldar.  Dtscribed  by  WQUuii. 
Consbta  ot  dlopslda  and  tiroiulta.   Symbol,  V.li.2.1.    WebiUme, 

F.  WabittrlU,  Oatwood,  Uaryland.  Anslysia  by  W.  F.  HlUabniid.  Descrlbad  by  A.  a.  LaouMd. 
Omtafiullypentbeneand  dlallage.    Symbol,  V.li.l^.     Odloae. 

a.  libenollta,  Baltimore  Comity,  UaryLaud.  Analysta  by  T.  If.  C&alatd.  Deanfbed  by  VlDluiia. 
<Vii.tTnnlhrfn»j  hmnilKij  «inl  Ht»]liip>;  the  oUvliie  partly  swpeutMied.    Symbol,  V.l'.  1.1.    BaWmtriajf. 

H.  PynnMnlle,  Baltlmon  County,  Uarylsnd.  Analyihby  Whflfleld.  Deacribed  by  WlOlama.  Gob- 
tabu  bypcnthene  and  dlalloge.    Symbol,  V.l'.l.S.    BalOnuime. 
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The  general  presencd  of  chromimn  and  nickel  in  these  rocks  is 
noteworthy,  liie  wehrlite  (analysis  B)  is  almost  on  the  line  between 
pyroxenites  and  peridotites.  The  formation  of  actual  diallage  from 
the  nonuative  diopside  in  it  would  give  the  pyroxenes  a  slight  pre- 
dominance over  the  oUvine.  The  following  analyses  represent 
peridotites : 

Atu^Ma  of  ptridotUet. 


IV.I'.U.      f^MfaTDW. 

C.  FgrldoUCe,  new  Opbi  Lake,  UtcbigHi.  Analrsb  br  BOlnbraiul.  IMocribsd  by  C.  R.  Van  Bin 
■ad  W.  B.  Baylay.    Contabu  dWl*c>,  olivine,  nugiutEU,  and  plieloclaiM.    Bymbol,  IV^.U. 

D.  HIcApsidatlUiCrineiidmCatmtT.KgDtiickr.  Aiuljilsb^HIUtbniid.  Dcocclbei] b; J. B. DIUw. 
CoDlalna  blotlU,  Mrpeatlm,  and  parofsktU,  vith  1«8S  apnilte,  mtucoTlte,  maciHtlte,calcIte,  chlorite,  and 
Dtbo' secondBiT  products.    Symbol,  IV.21.1.1.    Bubnng  ol  CbuiUaM, 

B.  Baxonlls,I>oiigIuCDnnt7,  Oregon.  AnalTiisbyF.  W.Claike.  D«acitb»d  by  J.  S.  Dmtt- and  F.  W, 
Clarka.    CoDtahuollTine  and outallta,  with  altttlemagnetltsandchramlta.    Bymbol, V.Kl.l. 

F.  DuniU,  Cortuiduni  HUl,  North  Carolina.  Analyih  and  d«crip(lan  by  T.  U.  Oiataid.  fjmfjin^ 
(divine,  wHh  a  llttia  cbromlla.    Symbol,  V.l>.  1.1.    I>imoh. 

O.  P(iridatlU,T(il*mMoRlvar,BrItlshColumbla.  Analyiliby  HlUsbrand.  Dncribed  by  I.  F.  Kemp. 
Contattu  oUvtna  and  Mipantlne,  vlUi  mignellte,  mignaalte,  and  DBlclu.   Bymbol,  V.lM.l.   Duttat. 
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In  the  peiidotites  a  certain  amount  of  serpentinization  is  almost 
always  observed.  This  is  shown  in  the  analyses  b^  the  unusually 
lat^e  percentages  of  water.  The  latter  is  neglected  in  calculating  the 
norms,  and  so  nonnatiTe  hypersthene  appears,  which  an  absolutdy 
imalto-ed  rock  would  not  show.  That  is,  serpentine,  instead  of  rep- 
resenting the  parent  olivine,  is  equivalent  to  hypersthene  plus  olivine, 
and  the  norms  become  misleading.  A  rock  consisting  originally  of 
pure  olivine  mi^t  find  its  place  in  any  one  of  several  different  ranga 
or  subrange,  according  to  the  amount  of  alteration  which  it  has 
undergone.  Two  samples  from  the  same  rock  mass  might  vary  in 
this  manner.  Theoretically,  no  doubt,  the  quantitative  clasai&cation 
applies  only  to  fresh  material;  practically  it  is  applied  to  altered 
peridotites,  like  those  cited  above,  which  all  appear  in  Washington's 
tables,  A  very  remarkable  peridotite  from  East  Union,  Maine, 
described  by  E.  S,  Bastin,'  contains  22.5  per  oent  of  sulphides, 
mainly  pyrriiotite.     Magmatio  name,  lenrumdose. 

BASIC  BOCKS. 

A  few  igneous  rocks  exist  which  seem  to  form  an  exceptional  group 
by  themselves.  They  oonsist  largely,  or  even  mainly,  of  free  basic 
oxides,  such  as  corundum  or  magnetite;  and  many  transitional  mix- 
tures lie  between  them  and  the  ordinary  silicate  rocks.  With  these 
oxides  it  is  convenient  to  group  certain  titaniferous  rocks,  which 
otherwise  might  form  a  class  by  themselves.  The  followiog  analyses 
represent  a  few  rocks  of  this  truly  iasic  character,  with  examples  of 
t^e  transitional  forms. 


..Google 
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Anal^ta  ofbatie  and  titamftnnit  nda. 

A.  Canutdnn  pcgmUtc,  Unl  Udnnlabis,  Sfberlo.    Desorlbeil  and  UBlyied  by  J.  Uoromrlci,  1 
pet  lUn.,  TOl.  18,  UW,  p.  319.    Ooatalns  eanutdnni  and  ortlmclaM,  yrlth  ti 
iboon.   Wicmatlc  symbol,  r, G.I. a.    Umlatt. 

B.  ETsebtTinlU,  Boraowka,  Ural  Uoimtsliis.    I>escrlbed  uid  aoalyud  by  U 
Conudns  ganuidam,  with  a  little  spfawl,  awcthlle,  blotilc,  and  itrcon.    Symbol,  V^,S. 

C  Ilduiilte  DDiila,  Boggeodat,  Norway.    Deao-Ibed  and  analyied  by  C.  F.  Eoldenip,  Begem  U 
Aaifaoc,  law,  p.  106.   Qmtaliu,  tn  apptoxlmata  peicmlatifs,  lltnenKc,  37A;  hypentheiu,  «}.l;  anoithtle, 
11;  *lbtte,&7:  crthaaaM.O.a,    Symbol,  TV .3i .1.3.    Baicmm. 

~    —      --  or,^  Llnoaln  Pond,  Essex  County,  New  York.    Aoalyiis  by  W.  7.  HElebnuid. 

].  F.  Kemp.    Symbol,  TV.  f.l.l.   AitmniaiHau. 

E.  TttulicToiu  Iraa  oie,  EllttbethloWD,  New  York.   Antyds  by  HlIMnDd.   Dmcrlbed  by  Eonp. 
Bymbal,IV.4'.l.l.    ClonpteMiiw. 

F.  Ilagaetlle  iplnelllte,  Roattviaia,  Flnknd.    Analyiod  and  desoibed  by  W.  Peunson,  Oeol.  FBnii. 
yOtbaiidL,  vol.  IS,  p.  «,  ises.    Symbol,  V.5I.1. 4.    " 
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Analytet  of  basic  and  titaniferow  roei* — Continued. 

0.  Uagntlte  basalt,  anpahlts.  North  Puk,  Cokindo.  I>eaail!M>lbf  H.  B.  WaahlnctMiandE.S.  I«r- 
am,  lom.  Waahlngton  Acad.  8cL,  vol.  3, 1913,  p.  MS.  Contalaa  magnetite,  bytownite,  pTioznu,  sod  tt 
UtUeapatlle.   Uagmatlc 3TmbolIV.1(S).l.l.   An-poliott. 

H.  GnmbflrUndite,  Cumberlimd,  Rhods  Isluul,  Descrlbsd  by  B.  L.  latmacm  umI  G.  H.  Warm,  *Tn, 
Jour.  Scl.,  4tb  aar.,  vol.  25,1900,  p.  I.  Contalna  magnetite,  Ibnanlta,  plaglQclaat,  oUrine,  and  mlnot  taaa 
suieB.    Jfagmatlcaymbol V.3.1.3.    SkodoK. 

1.  OabtoiHialsoalU,  Nelson  County,  Virginia.  Conteliu  Ilmeolte,  apatite,  hypcratheDe,  ptagioclaN, 
Mme  orUioctaae,  vlth  gralna  of  qnartE  and  pyrlte.    Uagmatla  aymbol  1V.3.I.]L3.    RoadAndoae. 

Lnmcmlte-DBlaonlta,  NelBonCaimty.Vli^a.  ContalnillaieniU,  apatite,  minor  licmbtaide,  biotlte, 
leocoime,  etc.    Usgmatlo  symbol  y.ijb.i£.    Ndtrtatt. 

E.  RuUlMtataaDlla,  Nelson  Coonty,  Vltglnla.  Conteliu  ratUe  and  apatite,  vith  aocosory  Mdipar, 
Umanite,  and  qoarti.  Hagmatlo  symbol  V.5.t.4.S.  Virginiitt.  Analysn  I,  J,  E,  by  W.  U.  ThomloD,  ^. 
Bocte  deaodbvd,  with  otben  of  tlmllir  otttiactu,  by  T.  L. 'WateoD  In  OeoL  Borvay  VIrgliila,  Bull,  m.  A, 
1913. 

L.  FerobkiteApatlte-magDetlte  rock,  Uncompahgre  quadiaogla,  Colorado.  CoDeoted  by  E.  B.  Lamn, 
aiBlyied  by  Q.  Stalger.    Not  yet  tally  deacilbad.    Uagmatlo  aymbol  Vq.^.3.3. 
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99.59 
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Aitat^iei  of  hatie  and  Utati^mmi  Todi — Gonliiiaed. 
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H 

I 

J 

E 

L 

7.38 
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3.89 
3.67 
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0.5fl 
3.67 
5.56 
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1.51 
22.66 
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7.70 
1.12 
49.  S8 
5.28 
1.06 

■45.' 70' 
20.65 

1.10 

.40 
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16.47 

hm 

11.04 
5&98 
11.76 
16.13 

288 
9.73 
64.66 
22.18 

19.66 

19.15 

4.03 

11.42 

pT.":' ":::;:::■": " 

.42 

.62 

Spinei      

3.56 
1.15 

like  foregoing  table  might  be  much  extended,  but  it  is  not  neoes- 
saiy  to  do  so.  Other  similar  rocks  are  a  magnetite  syenite  porphyry 
(Krunose),  described  by  P.  Geijer,*  which  contains  predominating 
albite  with  38.7  per  cent  of  magnetite  and  minor  accessories.  Era- 
gerite,  from  Krageroe,  Norway,  described  by  T.  L.  Watson,'  con- 
sists largely  of  plagiodase  feldspars  with  26  per  cent  of  rutile.  The 
Canadian  urbainite  *  is  essentially  a  mixture  of  Umenite,  hematite, 
and  rutile,  with  only  a  few  per  cent  of  other  minerab.  The  New 
York  (Adirondack)  ores,*  of  which  analyses  are  given  above,  are 
found  in  close  association  with  norites  or  gabbros.  Bocks  of  this 
class  could  hardly  be  associated  with  persilicic  masses,  such  as  gran- 
ites or  syenites.  They  represent  a  marked  deficiency  of  silica  in  the 
magmas  from  which  they  came. 

UCMITING   CONDITIONS. 

Although  the  igneous  rocks,  as  the  analyses  and  descriptions  show, 
represent  a  great  variety  of  mineral  mixtures,  their  proximate  con- 
stitution is  subject  to  distinct  limitations.  In  the  preceding  chapter 
upon  rock-forming  minerals  some  of  these  limitations  were  indicated, 
and  it  was  shown  that  certain  species  can  appear  only  under  certain 

I  Qtd.  Xlnma  district,  StocHiolm,  IMO,  p.  BO. 

I  Am.  Jam.  Sd.,  4th  ear.,  vol.  34, 1013,  p.  UO. 

•See  C.  H.  Wairen,  Am.  Joui.  ScE.,  4th  ser.,  vol.  33,  lUZ,  p.  1S3. 

<  Becent  memoln  OD  the  Adirondack  ores  ve  by  J.  T.  Eemp,  Nliuteanth  Ann.  Rept.  V.B,  Owl.  Stn- 
n;, pt.  3,  ISBO, p.  3S3;BndBiill3.  New  York  Stale  UnKmn No. 119,190s;  No.  13S,1»10.  AlaoD.H.Mew- 
hitdfEoiHi.  Oealiig;,i>a].>,p.  793.  An  [mpactant  paper  on  the  ScandliuTiBn  {n>,  br  H.  SJOgren,  is  In 
Tnns.  Am.  Inst.  Mln.  Eng.,  vol.  37, 1907,  p.  909.  On  the  tltanlleiODS  Iron  ores  of  the  United  BbttM,  *»• 
J.T.  einiwwald,  Bull.  IT.  S.  Bnrean  at  Ulnn  No.  64,  m». 
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definite  conditions.  The  experiments  of  Morozewicz  upon  the  sepa- 
ration of  corundum,  iolite,  etc.,  from  magmas  are  cases  in  point. 
It  may  be  well,  however,  to  reiterate  some  of  the  observations  which 
have  ah«ady  been  made  or  su^est^d  in  order  to  properly  emphasize 
these  important  considerations.  For  this  purpose  we  need  only  take 
into  account  the  more  conspicuous  magmatic  miuerals,  and  n^Iect 
the  rarer  species. 

Since  nearly  all  igneous  rocks  are  formed  chiefly  of  silicates,  a 
partial  table  of  rock-forming  minerals,  fmranged  by  bases  with  refer- 
ence to  maximum  and  minimum  sihca,  will  b«  convenieut.  The 
minerals  to  be  thus  considered  are  the  following: 

Rock-formmig  mxntrali. 


FotaBnum 

Bodium 

Calcium 

Uagneeiuin.. 
FwroUfliron. 
Ferric  iron... 


Orthoclaae,  KAlSi,0,. 

Albite,  NaAJSijO, 

DiopBtde,  CaMgSijO,.. 

Enfltatite,  MgSiO, 

Pyroxene,  FeSiO, 

Acmite,  FeNaSijO,. . . 
Albite,N&AlSiA 


Leucite,  KAlSi/),^ 
Nephelite,  NaAlSiq.. 
Anorthite,  CaAl^i/>,.a 
Foraterite,Mfr^iO«l«,- 
Fftyalito,  FeliO,   /""' 
Magnetite,  F^O,. 
Corundum,  A^,. 


a  Ueinite,  k  bealc  sUkatti,  b  hsc  Wt  poipoaely  out  of  aocouiit,  and  »,  1 

Intermediate  minerals,  such  as  analcite,  biotite,  muscovite,  etc., 
that  contain  water  can  form  only  under  pressures  or  conditions  of 
viscosity  which  prevent  the  water  from  expulsion. 

The  two  oxides  in  the  foregoing  list  can  only  appear  in  notable 
amounts  when  the  iron  or  alumina  is  largely  in  excess  of  the  silica. 
The  latter  will  go  to  the  formation  of  silicates  until  it  is  saturated, 
and  after  that  any  superHuous  oxide  can  he  deposited.  This  state- 
ment, however,  demands  qualification.  Free  silica  and  magnetite 
can  coexist  in  igneous  rocks  to  a  very  limited  extent,  but  not  as  prin- 
cipal constituents.  The  conditions  of  their  coexistence  are  uncertain, 
but  are  possibly  due  to  dissociation  in  the  molten  magma.  It  is  con- 
ceivable that  the  latter  may  soUdify  under  circumstances  of  viscosity 
which  prevent  some  of  the  separated  ions  from  uniting,  so  that  a  little 
quartz  and  a  little  magnetite  may  he  present,  side  by  side,  in  the  same 
rock.  This  explanation,  however,  is  merely  speculative  and  requires 
proof.  The  exception  does  not  invalidate  the  broad  general  state- 
ment that  the  two  species  are  essentially  incompatible.  Much  mag- 
netite and  much  quartz  do  not  occur  together  in  rocka  of  igneous 
origin. 

Similar  incompatibilities  are  shown  elsewhere  in  the  table.  Leucite 
and  silica  will  form  orthoclase;  nephehte  and  silica  yield  albite;  a 
membra  of  the  olivine  family  with  silica  will  be  converted  into 
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pyroxene,  and  bo  on.  With  fm  excess  of  silica  over  that  required  to 
geaerate  compounds  which  appear  in  the  wiiniTmiTn  column  higher 
alicates  will  he  produced,  and  as  silica  ia  abundant  in  the  lithoaphere 
the  maximum  ia  mc«t  often  reached.  Feldspars  and  pyroxenes  are 
much  more  common  than  leoad  minerals  or  oUvine.  The  occasional 
concurrence  of  quartz  and  olivine  In  some  basalts  and  gabbros  may 
perhaps  be  due  to  the  same  dissociation  as  that  su^ested  by  the 
coexistence  of  quartz  and  magnetite.  The  general  tendency  in  a  cool- 
ing magma  is  toward  the  generation  of  saturated  compounds.  When 
silica  exceeds  the  amount  which  can  he  taken  up  by  the  bases  the 
excess  appears  as  quartz,  tridymite,  or  opal,  or  else  it  becomes  an 
undifferentiated  portion  of  a  residual  glass. 

With  adequate  silica,  then,  the  number  of  compounds  which  a 
magma  can  yield  is  small.  The  persihcic  rocks,  therefore,  are  rela- 
tively simple  in  their  mineralogical  constitution,  and  in  the  quanti- 
tative clasaificatioa  their  modes  do  not  differ  very  greatly  from  their 
norms,  except  with  respect  to  the  micas,  hornblendes,  and  augite. 
But  as  sihca  diminishes  in  amount  the  mineralogical  complexity  of 
a  rock  is  hkely  to  increase,  for  the  reason  that  a  larger  range  of 
unions  has  become  possible.  For  each  base  a  number  of  compounds 
are  capable  of  formation,  and  the  same  magma,  solidifying  under 
different  conditions,  may  yield  very  dissinular  products.  In  other 
words,  we  encotmter  the  well-known  fact  that  two  rocks  may  have 
the  same  iiltimate  composition  and  yet  contain  different  mineral 
species.  The  difficulty  of  apportioning  the  several  bases  to  the  sev- 
OTal  minerals  in  a  rock  is  familiar  to  everyone  who  has  tried  to 
discuss  any  large  number  of  rock  analyses.  Potassium  may  form 
orthoclase,  leucite,  muscovite,  or  hiotite;  sodium  may  yield  albite, 
nephelite,  analcite,  alkah  hornblende,  or  acmite;  calcium  appears  in 
pyroxene,  amphibole,  anorthite,  or  melilite;  nu^nesium  in  pyroxene, 
amphibole,  olivine,  or  hiotitej  iron  in  pyroxene,  amphibole,  olivine, 
acmit«,  magnetite,  or  ilmenite;  and  aluminum  in  feldspars,  lenads, 
micas,  amphibole,  pyroxenes,  or  corundum.  The  conditions  of  equi- 
librium have  become  exceedingly  comphcated,  and  it  is  only  as  we 
approach  the  subsihcio  magmas  that  simplicity  is  ^ain  restored. 
With  deficient  silica  the  number  of  possibilities  is  lessened  and  such 
simple  rocks  as  the  peridotites  and  pyroxenites  are  formed.  An 
intermediate  magma  may  be  simple  from  lack  of  certain  constitu- 
ents, but  cases  of  that  kind  are  exceptional.  The  mediosihcio  rocks 
are  as  a  rule  more  complex  mineralogically  than  the  persilicic  or 
subsilicic  extremes.  The  ends  of  the  petrographio  aeries,  free  silica, 
or  &ee  basic  oxides,  are  necessarily  the  simplest  rocks  of  all.  At 
one  end  we  have  segr^ations  of  quartz;  at  the  other,  corundum 
rocks  or  magnetite.  Bocks  midway  between  these  extremes,  with 
silica  ranging  from  45  to  55  per  cent,  contain  the  greatest  variety  of 
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minerals,  for  ortho-,  meta-,  and  tri-eilicates  are  thai  capable  of 
coexistence.  In  a  rock  containing  silicates  of  all  three  classes,  with 
alumina,  lime,  magnesia,  the  tvo  alkalies,  and  both  oxides  of  iron 
as  bases,  the  possibilities  of  imion  become  very  numerous.  In  the 
magma  itself  the  basea  will  be  apportioned  to  the  several  siUcio 
acids  in  accordance  with  the  law  of  mass  action,  each  one  being  gov- 
erned h^  the  relative  number  of  its  molecules  in  a  miit  volume  of 
solution.  When  cooling  begins,  the  separation  of  each  mineral  will 
depend  upon  its  fusibihty,  its  solubility,  and  its  relation  to  the 
possible  eutectic  ratios;  aod  the  solubihty  will  fluctuate  with  changes 
in  the  temperature  of  the  mass.  With  each  deposition  of  crystals 
all  of  the  foregoing  conditions  will  change,  for  the  composition  of  the 
residual  fluid  will  have  been  altered.  In  theory,  then,  the  physical 
and  chemical  conditions  of  solidification  are  most  complex,  except 
for  two-component  and  possibly  three-component  systems.  We 
are  therefore  compelled  to  deal  with  the  problem  of  rock  composition 
empirically  and  to  make  use  of  rules  based  upon  direct  observation. 
These  rules  are  by  no  means  rigorous,  for  although  the  separation 
of  minerals  from  a  cooling  magma  generally  follows  a  stated  order 
that  order  often  varies.  In  most  cases  it  is  the  order  described  by 
H.  Rosenbusch,*  as  follows: 

1.  Apatite,  zircon,  epinel,  tlietitaiutteB,  and  iron  ores-  These  are  almoat  Invariably 
the  firat  minerala  to  cryBtallize. 

2.  The  Mg-Fe,  Mg-Ca,  and  Fe-Oa  ailicatee,  snch  aa  olivine,  amphibole,  and  py- 
loxeiie.  Biotite  is  also  placed  in  this  claaa.  As  a  rule  the  orthceilicatea  piecede  the 
metasilicatee;  oliviae,  for  example,  separating  before  pyroxene. 

3.  FeldapaiB  and  lenada  in  the  order  anorthite,  plt^ioclase,  alkali  feldspara,  nephe- 
lite,  leucit«. 

4.  Any  excen  of  quartz. 

The  frequency  with  which  this  order  is  followed  is  probably  a 
consequence  of  the  fact  that  most  rocks  consist  mainly  of  alumo- 
fiilicates,  and  especially  of  feldspars  and  quartz.  That  is,  they  con- 
tain predominantly  compotmds  of  the  same  class,  in  which  the  other 
rock-forming  minerals  are  dissolved.  The  latter  separate  from  solu- 
tion in  the  general  order  of  their  solubility,  the  least  soluble  first; 
but  tbat  property  varies  with  the  composition  of  the  mixture.  In 
an  isomorphous  series,  like  the  feldspais,  the  least  fusible  tend  to  be 
deposited  earlier  than  the  others,  but  fusibility  is  a  minor  factor  in 
the  process  of  solidification.  Quartz,  which  soUdifles  in  most  cases 
at  the  very  end  of  the  series,  is  a  relatively  infusible  substance;  but, 
as  we  have  already  seen,  it  probably  forms  a  eutectic  mixture  with 
the  feldspars  which,  by  virtue  of  its  depressed  melting  point,  is  the 
last  part  of  a  magma  to  congeal.  The  minor  accessories  among  the 
rock-forming  minerals,  which  crystallize  first,  although  present  in 
trifling  amounts,  possibly  form  no  eutectica  with  the  feldspara. 
Otherwise  we  should  expect  them  to  remain  in  solution  much  longer, 

1  Elmunts  du  OeMetulefars,  ues,  p.  40. 


lONEOUS  BOOKS.  47S 

PBOXUCATB   CAJXrOLATIONS. 

It  ia  dear,  from  what  has  been  already  said,  that  it  is  rarely  pos- 
sible to  predict,  with  anything  like  quantitative  accuracy,  wbat 
nunerals  will  form  when  a  magma  of  given  composition  solidifies. 
Partial  and  semiquantitative  forecasts  are  practicable;  we  can  say, 
for  instance,  that  the  proportion  of  orthoclase  will  lie  between 
assignable  limits;  and  if  the  analysis  shows  a  ratio  of  silicon  to 
oxygen  lower  than  Si,0„  or  1:2,667,  we  maybe  reasonably  sure  that 
a  calculable  amount  of  silica  will  remain  uncombined.  Only  in  the 
simplest  cases  can  a  complete  forecast  be  made,  and  they  are 
exceptional. 

Suppose,  however,  that  instead  of  a  magma  or  an  analysis  repre- 
senting a  m^ma  and  notching  more,  we  attempt  to  discuss  the  com- 
position of  a  rock  in  which  the  separate  minerals  have  been  identified 
by  the  microscope.  In  other  words,  suppose  we  have  the  bulk 
analysis  of  a  rock  and  also  its  petrographio  description,  how  far  can 
we  compute  its  proximate  composition?  To  this  question  no  single 
answer  can  be  given;  in  some  cases  the  computation  is  easy,  in  others 
it  is  impossible.  The  conventional  "norms"  of  the  quantitative 
classification  can  always  be  calculated,  but  the  actual  composition 
may  be  quite  another  thing.  It  is  the  latter  which  concerns  us  now. 
Let  us  take  some  concrete  examples  for  discussion. 

Two  rocks  of  relatively  simple  composition  are  the  following,  for 
which  data  are  given  in  the  Survey  Bulletin  591,  and  also  in  Washing- 
ton's  tables, 

A.  amill»<ycnlt«pori>bjT7.IJtUaEockylIoiiiitata9,lfaDeai]«.  AntlysbbyH.M.BEoko.  Docribed 
by  W.  E.  W«d  aod  J..  V.  Plnsoo.    Comaha  ocUiodMe,  qnarti,  oUgociim,  musoovlu,  tnA  fnin  oxides. 

B.  Blotltc  gnmlW,  El  Capltu,  Yosemlt*  VaOej.  Analjtb  by  W.  VilentJpB.  Dooribeil  bj  B.  W, 
TonVT.  Contains  ilbll  reldaiMr,  pliglodase,  quarti,  blotita,  tttantte,  *p*ttte,  ami  Inn  oxides.  Tba 
Uttlyih  ihowi  tbU  ■  baee  of  ilnxin  Is  probably  pccsent  aba.     TenvMit, 
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In  calculating  the  actual  composition  of  these  rocks,  it  is  beet  to 
first  eliminate  the  accessories.  ZrO,  is  calculated  as  zircon,  FbjO, 
as  hematite  or  magnetite,  P,Ot  and  CI  as  apatite,  and  TiO,  as  ilmenite, 
titanite,  or  rutile,  according  to  the  indications  ^ven  in  the  petro- 
graphic  descriptions.  AH  remaining  CaO  is  then  reckoned  as  equiv- 
alent to  anorthite,  and  all  Na,0  as  albite.  In  A  the  trivial  amount 
of  MgO  is  aaeumed  to  be  in  the  form  MgSiO,,  that  is,  as  pyroxene  or 
amphibole;  in  B  the  magnesia  and  remaining  iron  oxide  are  to  be 
computed  as  biotite,  with  the  normal  formula  Al,(MgFe)iKHSi,0„. 
Upon  comparing  KjO  with  the  remaindw  of  the  A1,0|,  the  latter,  in 
A,  is  found  to  be  in  excess  of  the  amount  required  for  orthoclase. 
That  excess  gives  a  datum  for  the  calculation  of  muscovite;  and 
when  that  is  deducted,  only  quartz  and  orthoclase  remain  to  be  con- 
sidered. Ilie  orthoclase  is  givrai  by  the  K,0  and  AljO,  still  unap- 
propriated, and  the  remaining  free  silica  represents  the  quartz.  The 
results  of  the  computation  are  shown  below,  the  trifling  amount  of 
MnO  being  consolidated  with  FeO,  and  the  SiO  and  BaO  with  lime. 
A  little  water  is  left  unaccounted  for,  presumably  as  imcombined 
with  any  sihcate. 


A 

B 

i9.ee 

IS.  90 
<L07 
6.41 
13.06 

.30 

.17 
.11 

HeSto ' ;:::;:;;::; 

.68 

99.6a 

9a  81 

These  calculations  are  sunplo  enough,  and  the  results  are  {airly 
accurate.  The  chief  uncertainties  are  with  the  micas,  and  especially 
with  the  biotite  in  B,  for  rock-forming  biotite  is  a  mineral  of  variable 
composition,  and  their  errors  affect  the  computations  with  r^ard  to 
orthoclase  and  quartz.  A  comparison  of  the  last  table  with  that  of 
the  norms  will  show  how  far  the  two  methods  of  calculation  diverge. 

Suppose,  however,  that  we  are  called  upon  to  discuss  the  composi- 
tion of  a  rock  containing  orthoclase,  pla^oclase,  biotite,  augite,  oli- 
vine, and  magnetite,  with  the  femic  minerals  present  in  fairly  lai^ 


V,  Google 


iQimouEi  sooEB.  475 

propoHiouB.  In  such  a  case  the  alumma  goes  to  form  fire  of  the  com- 
ponmt  minerals,  iron  to  four,  lime  to  two,  magnesia  to  three,  and 
potassium  to  two.  We  now  need  more  data  than  the  bulk  analysis 
and  the  usual  petrographio  description  can  gire  us,  aixd  the  required 
infonnation  may  be  obtained  either  from  i^emical  or  from  physical 
sources.  Chemically,  we  may  separate  the  biotite,  augite,  and  olivine 
from  the  rock  and  analyze  each  one  by  itself.  In  that  way  we  can 
leam  something  of  the  distribution  of  the  bases,  and  so  become  able 
to  calculate  the  composition  of  the  rock.  Or,  olivine  being  soluble 
in  very  dilute  acids,  we  may  dissolve  it  out  from  a  known  weight  of 
rock  and  determine  the  amount  of  iron  and  magnesia  which  belong 
to  it.  The  same  procedure  may  be  followed  for  the  determination  of 
nephelite  when  that  mineral  happens  to  be  present.  Physically,  the 
rock  may  be  studied  in  thin  sections  under  the  microscope,  when  the 
areas  occupied  by  the  several  minerals  can  be  measured  with  a 
micrometer.  Given  a  sufficient  number  of  such  measurements,  and, 
the  densities  of  the  minerals  being  known,  the  relative  proportion  of 
the  elements  may  be  calculated,  and  the  results  obtained  can  be 
checked  by  the  chemical  analysis.'  A  CTuder  process  consists  in 
taking  an  enlarged  photomicrograph  of  the  thin  section,  cutting  the 
areas  representing  the  minerals  out  of  the  paper,  and  then,  by  weigh- 
ing the  latter,  ascertaining  their  relative  proportions.  In  some  cases 
a  rock  powder,  in  known  quantity,  can  be  mechanically  separated  into 
its  mineral  constituents  by  means  of  Thoulet's  or  other  heavy  solu- 
tions, and  the  individual  portions  so  determined  directly.  By  one 
method  or  another  the  problffln  of  mineral  composition  can  generally 
be  solved.  Only  wh^i  a  rock  contains  much  glass  or  other  inde- 
terminate matter  is  the  problem  incapable  of  fairly  accurate  solution. 
If  alteration  products  are  present — chlorites,  zeolites,  kaolin,  limonite 
etc. — the  discussion  of  modes  becomes  very  unsatisfactory,  and  the 
conclusions  which  are  then  reached  have  very  slender  value. 

NoTB.— The  Gompomtion  of  igneoiu  rocke  is  often  reproeented  gnphicaUy  by 
meaiu  of  diigrftmH,  and  aev^al  methods  tor  doing  thia  have  been  d«viaed.  For  ui 
ezh&iutivemeiiioiTupoathisBubjectsee  J.  P.  IddJngB,  Prof.  FaperU.  3.  Geol.  Survey 
No.  18, 1903.  The  diagnunH  are  of  conodenble  service  to  the  petrognpher,  for  they 
bring  chemiol  lelationddpe  and  differencee  vividly  before  the  eye.  The  triangular 
diigTMnw  of  Oaum,  Min.  pet.  Mitt.,  vol.  19,  1900,  p.  3G1,  are  much  uaed.  See  aim 
papers  by  F.  Becke,  idem,  vol.  22,  1003,  p.  209;  L.  Finckh,  Monatah.  Deutsch. 
geol.  GeBeU.,  1910,  p.  285;  and  B.  Q.  Eacher,  Centralbl.  Min..  Gaol.  u.  Pal.,  1011 
pp.  133, 166. 


See  also  A.  Bodwal,  Vettiukll.  E.-k.  geol.  Kekbft. 
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CHAPTER  Xn. 

THE  DECOMPOSITION  OF  ROCKS. 

THZ!   OBNlBRAIi  PROCESS. 

When  a  rock  is  exposed  to  ataiospherio  aigencies  it  undeigoes  a 
partial  decomposition  and  becomes  gradually  disint^rated.  Some 
of  its  substance  is  dissolved  by  percolating  waters,  tiiemselvee  of 
atmospheric  origin,  and  is  so  carried  away;  the  remaining  material, 
partly  hydrated  and  partly  unchanged  in  composition,  contains 
products  which  are  easily  separable  from  one  another.  By  flowing 
streams  the  finer  clays  or  silts  are  taken  away  from  the  coarser  and 
heavier  sand  graina,  and  this  process  is  an  important  step  toward  the 
ultimate  formation  of  sandstones  and  shales.  Solution,  hydration, 
disint^ration,  and  mechanical  sorting  are  the  successive  stages  of 
rock  decomposition.  I  speak  now  in  general  terms.  The  subsidiary 
agents  of  decomposition  will  be  considered  in  their  proper  connection 
later. 

The  breaking  down  of  a  rock  is  effected  partly  by  mechanical  and 
partly  by  chemical  means.  Mechanical  agencies,  such  as  the  grind- 
ing power  of  glaciera,  the  poundii^  of  waves,  erosion  by  slreams,  tiie 
disruptive  effects  of  frost,  or  the  action  of  wind-blown  sand,  tend  to 
separate  the  particles  of  a  rock  and  to  furnish  fresh  surfaces  to  chem- 
ical attack.  Unequal  expansion,  due  to  alternations  of  heat  and  cold, 
also  assist  in  producing  disintegration.'  The  distribution  of  volcanic 
dust  is  still  another  mode  by  which  finely  subdivided  rock  is  ren- 
dered available  for  aqueous  decomposition.  The  latter  depends  for 
its  efficiraicy  partly  upon  the  water  itself  and  partly  upon  dissolved 
acids,  salts,  or  gases.  Rain  water  falls  upon  the  sm^ace  of  a  rock 
and  sinks  more  or  less  deeply  into  its  pores  and  crevices.  Rain,  as 
we  have  already  seen,'  carries  oxygen  and  carbon  dioxide  in  solu- 
tion, together  with  other  substances  in  varying  proportions.  Water 
and  gas  both  exert  a  solvent  action,  and  the  fluid  which  then  satu- 
rates the  rock  becomes  charged  with  the  products  of  solution.  These 
may  intensify  or  inhibit  further  action,  according  to  circumstances. 
Some  of  the  disserved  matter,  redeposited,  may  form  a  protecting 
film  and  so  delay  or  prevent  further  solution.  This  retardation, 
however,  is  temporary,  for  mechanical  disint^ration  is  accompanied 
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hj  a  rubbing  of  tlie  loosened  particles  together,  and  so  the  coating 
of  insoluble  matter  ia  removed. 

Normal  air  contains,  in  round  nmuberB,  21  per  cent  by  volume  of 
oxygen  and  0.03  of  carbon  dioxide.  In  rain  water  these  active  gases 
ore  concentrated,  aa  shown  by  the  analyses  of  K.  W.  Bunsen.*  Air 
extracted  from  rain  water  at  different  temperatures  has  the  compo- 
sition by  volume  given,  below. 


0* 

'• 

lo* 

«• 

ao* 

Ctebon  dioxide 

2.S2 
33.88 
63.20 

2.68 
33.97 
63.35 

2.46 
34.06 
63.49 

2.28 
34.12 
63.62 

&^»."";\"::::;;::;::::-"::::::: 

100.00 

100.00 

100.00 

100.00 

loaoo 

As  waters  of  this  character  sink  deeper  into  a  rock  mass,  a  portion 
of  their  effectivenees  ia  lost,  for  oxygen  and  carbon  dioxide  are  chiefly 
consumed  near  the  surface,  and  their  share  of  the  chemical  effect 
tends  to  become  zero.  The  decrease  in  ihe  case  of  oxygen  is  clearly 
shown  by  the  experiments  of  B.  Lepsiua,'  who  has  analyzed  the  gase- 
ous contents  of  waters  from  three  bore  holes  of  different  depth.  Air 
extracted  from  water  at  12  meters  below  the  surface  contained  24.06 
per  cent  of  oxygen,  at  18  meters,  21.97  per  cent,  and  at  25  meters, 
only  12.90  per  cent.  In  rock  decomposition,  then,  oxidation  is  lately 
a  surface  phenomraion,  and  the  action  of  carbon  dioxide,  so  far  as  it 
is  directly  obtained  from  the  atmosphere,  must  follow  the  same  rule. 
Carbonic  acid,  however,  is  also  derived  from  other  sources,  so  that  its 
effects  are  not  necessarily  limited  to  the  upper  strata.  Its  presence 
in  ground  waters  will  be  considered  presently.' 

When  meteoric  waters  act  upon  a  mass  of  rock,  the  effects  produced 
win  depend  upon  the  nature  of  the  minerals  which  they  encounter. 
Let  US  confine  our  attention  for  tiie  moment  to  the  more  important 
species  of  magmatic  origin,  such  as  the  feldspars,  micas,  pyroxenes, 
amphiboles,  oUvine,  leudte,  nephelite,  and  the  typical  sulphide, 
pyrite.  The  last-named  mineral,  idthough  found  in  relatively  small 
proportions,  is  nevertheless  important,  for  by  oxidation  and  hydra- 
tion it  yields  solutions  of  sulphates  having  a  distinctly  acid  reaction. 
These  acid  solutions  act  strongly  upon  other  constituents  of  rocks, 
and  intensify  the  activity  of  the  percolating  waters.    The  sulphates 

>  Aim.  Oum.  Fhvnu,  VOL  B3, 1«U,  p.O.    See  alao  U.  Banmert,  Iduu,  vol.  B8,  ISSS,  p.  IT. 

*  Bcr.  Dmtsch.  dum.  OcselL,  tdL  18,  ISU,  p.  M8T.  ZTtOeax  of  ibnllar  popart  Laa  been  noordid 
bj  OQitt  atmervea. 

•  W.  O.  Lertaon,  Aniutb  New  York  Acad.  8d.,  vol.  IS,  IMt,  p.  m,  soegegb  tbat  Uu  oxygen  Uberated 
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cont&ined  in  natural  waters  are  largely  derived  from  this  source,  at 
least  primarily.  The  re-solution  of  secondary  sulphates  is  of  course 
not  to  be  overlooked,  but  it  is  obviously  a  later  phenomenon. 

SOJJTJBIUTTr  OP  MIXERAIiS. 

That  nearly  all  minerals  are  more  or  leas  attacked  by  water  has 
long  been  known,  and  also  that  cu-bonated  waters  act  still  more  ener^ 
geticaJUy.  The  experimente  of  W.  B.  and  R.  E.  Rogers,*  in  1848, 
established  these  facts  condusively.  Many  minerals  were  tested,  and 
all  were  perceptibly  soluble.  From  40  grains  of  hornblende,  digested 
during  forty-eight  hours  in  water  charged  with  carbonic  acid,  0.08 
grain  of  siUca,  0.095  of  ferric  oxide,  0.13  of  lime,  and  0.096  of  mag- 
nesia, or  nearly  1  per  cent  in  aU,  were  extracted.*  In  the  classical 
investigations  of  A.  Daubr^  *  3  kilograms  of  orthodase,  agitated 
with  pure  water  for  192  hours  in  a  revolving  iron  cylinder,  yielded  a 
solution  containing  2.52  grams  of  KgO,  with  triflii^f  amounts  of 
silica  and  alumina.  Two  kilograms  of  the  feldspar,  shaken  for  ten 
days  in  water  saturated  with  carbon  dioxide,  gave  0.270  gram  of  K,0 
with  0.750  of  sihca.  A  3  per  cent  solution  of  sodium  chloride  was  a 
much  less  effective  agent  than  water  atone.  Lfoucite  was  not  so 
vigorously  attacked  as  orthoclase. 

In  1867  A.  Kenngott  *  showed  that  many  niinerals  gave  an  alka- 
line reaction  when  in  contact  with  moistened  test  paper;  and  in 
1877  R.  MflJler^  published  an  important  memoir  upon  the  solu- 
bihty  of  various  species  in  carbonated  water.  The  powdered  sub- 
stances were  digested  in  the  solvent  during  seven  weeks,  and  after 
that  treatment  the  dissolved  portions  were  quantitatively  analyzed. 
The  results  are  summed  up  below.  The  percentages  of  the  several 
constituents  determined  refer  to  the  total  amoimt  of  each  in  a  given 
mineral;  the  "sum"  is  the  percentage  of  all  dissolved  matter  in 
terms  of  the  original  substance.  That  is,  under  KjO  1.3527  "pex  cent 
of  the  total  potash  ia  orthoclase  was  dissolved,  while  only  0.328  per 
cent  of  the  entire  mineral  passed  into  solution. 

>  Am.  Jour.  SoL,  3d  Mr.,  toI.  5,  IMS,  p.  401. 

'  Tba  taniperatuis  *t  which  the  eipertmcmt  ms  ooDduoMd  wu  K°,  praamalil;  lUmolielt. 

'  £tud«a  BynCh^tlqaaB  de  gdolcsle  sipdriiiuatalfi,  pp.  371-27G.  See  alao  p.  3S3  (or  an  expsboceit  iqia) 
the  aohibflU;  of  gnnite. 

'  Nww  Jahrb.,  iaS7,  pp.  7T,  ttO. 

>Jahib.C-k.geol.Balcbnnatalt,Yol.I7,UlD.UItt.,18TT,p.3S.  UQUer glvea  B  good  mminaiT  c<  p«Tl- 
«iu  wcrk  upoa  the  labject,  md  dtes,  In  sddltksi  to  the  memoln  Euatkned  hne,  pap«n  by  Dlttiicb, 
Hauahorec,  LudwIg.Hoppe-Seyler.andDtbsrB.  AlatsEummar?,  b^  F.  E.Cameroaand  J.U.  Bdl.latn 
BulL  No.  30,  Buieau  ot  Soite,  IT.  B.  He^t,  Agrlc.,  1K15.  p.  13.  P.  Pkhard  (Annalee  chtan.  phys.,  fith  as., 
vol.  IS,  1S7B,  p.  G»)  found  that  several  magn«alan  sllicaUa  gave  alkaline  reactions  with  litmus  paper.  F. 
SeetlnlCabatract  In  Z^tadir.EiTBt.Uhi.,  vcd.a£,lwa,p.Gll)madealiallBf  butqaantltallyeDbaKvaUna 
DDBUgfte.aiBphlbala.Uidtramidlte.  AcoanllDstaF.CiiniDaflii.pBt.UltL, vd.3l,190S,p.»T;  TC1.SS, 
7,  p.  iSa),  yrho  tstad  many  mhiarala  wfth  lltmoa,  ImoUnlte,  pynqibrlllta,  nootrodta,  etc,  gtre  Mid 
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Trace. 
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1.946 

1.417 
1.822 

2.12 

Olivine.... 

.873 
.3H 

Trace. 



1291 
2.649 

SerpentinB. 

The  relatiTe  eolubility  of  several  minerals,  chiefly  magneaian 
Bpeciee,  in  ordinary  water  was  determined  by  E.  W.  Hoffmann  ^  in 
1882.  His  method  of  procedure  consisted  in  allowing  water  to  per^ 
colate  through  the  powdered  material  for  two  months  and  measor^ 
ing  the  loss  of  weight;  a  possibility  of  gain  by  hydration  seems  not 
to  have  been  considered.    The  data  given  are  as  f  oUowa : 


ou»  mintraU  m  mUer. 

& 

Vwni'<^i>"^l^     .   . 

4.109 
3.353 
3.606 
2.591 
1.1245 
.6068 
.9736 

Olivine 

Chlwite  . 

Tfi?!^;v;;:;:"v;::::;;::;;::::::::::::::::;:::::::::::":"' 

MuKovite 

The  excessive  solubility  here  sbowa  for  talc  and  muacovite  is  highly 
questionable.  Hoffmann's  experiments  are  entitled  to  very  little 
weight.  It  has  been  shown  by  Alexander  Johnstone'  that  micaa 
exposed  to  the  action  of  pure  and  carbonated  waters  during  an  entire 
year  became  hydrated  and  increased  in  volume.  The  latter  phe- 
nomenon may  account  for  the  easy  weathering  of  micaceous  sand- 
stones. Muscovite  appeared  to  be  insoluble,  but  in  a  solution  of  car- 
bonic acid  the  biotite  lost  magnesia  and  iron.  In  another  conmiuni- 
catiou*  Johnstone  states  that  olivine  is  slightly  attacked  by  carbo- 
nated water;  and  in  still  another*  he  described  the  action  of  that 
reagent  upon  orthoclase,  ohgoclase,  labradorite,  hornblende,  augite, 
etc.    Among  the  feldspars,  orthoclase  was  the  least  and  labradorite 


t.  Joui.  0«ol.  Boc,  vd.  4E,  1S»,  p.  Ma. 
.  Boy.  Sac.  Edlnbo^,  vol.  IS,  188S,  p. « 
■.  Edlnbiusli  a«ol.  Soc-Tid.  B,  188T,p.  3 
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the  most  soluble;  hornblende  and  &u^te  were  acted  upon  eren  more 
rapidly.  These  obserrations  seem  to  be  in  harmony  with  those  of 
Mailer,  whose  figures  show  a  similar  order  of  magnitude  among  the 
determined  solubilities. 

In  recent  years  a  few  data  have  been  published  by  C.  Doelter '  rela- 
tive to  anorthite,  nephellte,  and  some  zeolites.  The  nephelite  in  par- 
ticular was  strongly  attacked  by  carbonic  aad.  There  are  also  ex- 
periments by  F.  W.  Clarke*  on  the  alkalinity  of  several  sihcates, 
which  were  followed  by  some  quantitative  determinations  by  G. 
Steiger.*  Mlcaa,  feldspars,  leucite,  nephelite,  cancrinite,  sodalite, 
spodumene,  scapolite,  and  a  number  of  zeolites  were  studied,  and  in 
every  case  a  distinct  solubility  was  observed.  Apophyllite,  natrolite, 
and  pectohte  gave  remarkably  strong  alkaline  reactions  when  mois- 
tened, but  the  intensity  of  the  ct^oration  produced  with  indicatoiB 
gave  inacciirate  information  as  to  the  extent  to  which  decomposition 
had  occurred.  Between  the  quahtative  and  the  quantitative  data 
there  were  discrepancies,  which  have  been  cleared  up  only  within  the 
last  few  years.  A.  S.  Cushman,'  in  his  work  upon  rock  powders,  has 
shown  that  when  orthodaae  is  shaken  with  water  an  immediate  ex- 
traction of  alkaline  salts  takes  place,  but  it  is  only  a  partial  measure  of 
the  amoimt  of  decomposition.  Colloidal  substances,  silica  or  alumi- 
nous silicates,  are  formed  at  the  same  time,  which  retain  a  portion  of 
the  separated  alkali,  but  give  it  up  to  electrolytic  solvents.  For 
example,  25  grams  of  orthodase  were  shaken  up  with  100  cubic  centi- 
meters of  distilled  water.  The  mixture  was  filtered,  and  the  filtrate 
on  evaporation  gave  0.0060  gram  of  residue.  With  a  2  per  cent  solu- 
tion of  ammonium  chloride  a  "soluble  residue  of  0.0608  gram  was 
obtained.  With  diabase  25  grams  in  pure  water  yielded  an  extract 
of  0.0064  soUd  residue;  with  a  1  per  cent  solution  of  ammonium 
chloride  it  gave  0.1412  gram.  These  gains  do  not  imply  increased 
decomposition,  but  only  a  liberation  of  the  soluble  compounds  which 
had  been  entangled  in  the  colloids  that  were  formed  at  the  same  time. 
Any  salt  in  solution  is  likely  to  affect  in  some  such  manner  the  appa- 
rent solubility  of  a  rock  or  mineral,  a  conclusion  which  is  in  harmony 
with  many  observations  upon  the  tendency  of  soils  and  clays  to 
absorb  salts,  and  especially  salts  of  potassium,  from  percolating  waters. 
As  the  latter  ch&i^e  in  composition,  their  decomposing  and  dissolving 

>  Mln.  pet.  Ultt,  TOL  )1, 1880,  p.  31). 

*BaU.  U.  S.  OmI.  aorrvf  So.  1«T,  1900,  p.  US. 

•  Tdam,  p.  lf«. 

•  n.  B.  Dept.  Agr.,  Bar.  CIuoilstrr>  Boll.  No.  S3,  IMS,  and  Offlca  Pub.  Booils,  dhmlv  No.  3S.  Bm 
■laa  A.  3.  Ccuhnum  lOd  F.  Eubbvd,  Jooi.  Am.  Chem.  Soe.,  yol.  30,  ISOe,  p.  771,  oil  (lu  akMrolTUc  utno- 
tlon  of  poiaati  Irotn  takbpara.  OliagmUinu  slmUsr  to  CnaSnuai'B  haia  btca  muds  hj  O.  Andrd,  CompL 
lUmd.,  T<^  in,  p.  gse,  1913.  Otliar  papaia  on  Uib  nlubillt;  o(  lucks  are  by  W.  Q.  Ltrban,  BolL  Nov 
York  Uliurahiglaal  Chib  No.  3,  IWS;  W.  fimk,  Zailschr.  ansew.  Chemlc,  toL  3a,  1IW,  p.  lt£;  J.  Dmniaiil, 
Compt.  Bvid.,  T<d.  149, 1909,  p.  1390;  F.  Henrldb,  Zeltacbr.  prakt  amloglc,  1910,  p.  81;  It.  Skha,  tni^ 
Dim.,  Lalpilf,  UU;  and  C  E.  Smyth,  it.,  Jmr.  0«aloK7,  ToL  31,  p.  106,  IBU. 
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capacities  are  altered;  and  Educe  the  rocks  differ  in  composition,  no 
general  rule  can  be  laid  down  to  determine  what  the  effects  of  water 
in  uiy  particular  case  will  be. 

Still,  in  spite  of  difficulties  and  uncertainties,  we  can  trace  the 
coturse  c^  rodi  decomposition  along  several  lines.  The  evidence,  both 
as  found  by  exp^iment  in  the  laboratory  and  by  field  observations, 
shows  that  practically  all  minerals,  certainly  all  of  the  important 
ones,  are  attacked  by  water  and  carbonic  acid.  The  pyroxenes  and 
amphiboles  yield  most  readily  to  waters,  then  follow  the  plagioclase 
feldspars,  then  orthoclase  and  the  micas,  with  muscovite  the  most 
resistant  of  all.  Even  quartz  is  not  quite  insoluble,  and  the  corrosion 
of  quartz  pebbles  in  conglomerates  has  been  noted  by  several  ob- 
servers.^ Among  the  commoner  accessories  apatite  and  p3^te  are 
most  easily  decomposed,  magnetite  is  less  attacked,  and  such  minerals 
as  zircon,  corundum,  chroniite,  ilmenite,  etc.,  tend  to  accumulate 
with  little  alteration  in  the  sandy  rock  residues.  These  minerals  are 
not  absolutely  incorrodible,  but  they  are  nearly  so.  Corundum,  for 
example,  slowly  undergoes  hydration,'  and  is  converted,  at  least 
superficially,  into  gibbsite  or  diaspore. 

The  effect  of  ram  water  upon  a  rock  must  now  be  divided  into  sev- 
eral phases.  Fhst,  it  partially  dissolves  the  more  soluble  minerals, 
with  liberation  of  colloidal  silica,  B3id  the  formation  of  carbonates 
containing  lime,  iron,  magnesia,  and  the  alkalies.  The  iron  carbonate 
is  almost  instantiy  oxidized,  forming  a  visible  rusty  coating  or  pre- 
cipitate of  ferric  hydroxide.  The  lime,  magnesia,  and  alkali  salts 
remain  partly  in  solution,  to  be  washed  away,  together  with  muoh  of 
the  dissolved  sihca. 

The  character  of  the  solution  thus  formed  by  the  decomposition  of 
feldspathic  rocka  has  been  investigated  by  W.  P.  Headden.*  After 
prolonged  treatment  of  orthoclase  with  water  contaimng  carbonio 
acid,  he  obtained  a  solution  which,  upon  evaporation,  yielded  a  resi- 
due carrying  over  40  per  cent  of  sUica. 

The  second  phase  of  the  process  is  represented  by  a  hydration  of  the 
undi^olved  residues.  The  feldspars  are  transformed  into  kaolin,  the 
magnesian  minerals  into  talc  or  serpentine,  the  iron,  as  we  have  seen, 
becomes  essentially  limonite,  and  the  quartz  grains  are  but  littie  if 
at  all  changed.  Iliis  double  process  of  solution  and  hydration  is  ac- 
companied by  an  increase  of  volume,  which  may  or  may  not  assist 
in  Meeting  disintegration.     On  the  surface,  the  weathered  rock 

1  So  C.  W.  E*7a,  BnIL  a«al.  Soo.  AmcrtOiToL  8,  ia>7,  p.  ai%  U.  L.  Pnlltr,  Joor.  G«>ikig7,  vol.  10, 1M9, 
p.8U;C.a.Smylh,Am.Jciiir.Sd.,4thKr.,T(d.I>,  l(ID5,p.3B3.  Tor  tlis sobiblUt7  ol qturti in  whiCloni 
of  tmx  (V  (rf  allmlln*  sUIoiUh,  sea  Q.  Spoda,  Jour,  ChSQ.  Boo.,  vol.  78,  pt.  3, 1900,  p.  KUi;  vol.  80,  pt.3, 
KOI,  p.  6D(>.  Th*  oomtloii  of  qoarti  la  ^Hrnnital  bf  Q.  F.  Usrlll  (Kocto,  roclc  wwlturing,  and  aolta, 
13  <d.,  p.  313)  to  ?"»""«  cetbonaUB  gountcd  during  the  duompodtlon  of  fddspara. 

■  S.  7.  Tbugatt,  HtDeralcbemlsch*  etudlan,  IMI,  p.  104. 
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crombles  easily;  but  if  the  olterHtioiis  have  taken  place  at  consider- 
able depths  the  presaufe  due  to  expanaion  may  hold  all  the  particles 
in  place  and  the  rock  wiU  seem  at  a  first  glance  to  be  unaltered.  Snch 
a  rock,  although  apparently  soUd  when  it  is  first  exposed  to  the  air, 
rapidly  falls  to  pieces  and  becomes  a  mass  of  sand  and  day.  This 
peculiarity  was  noted  by  O.  P.  Merrill^  in  certain  granites  of  the 
District  of  Columbia,  and  by  O.  A.  Derby*  at  railway  cnttings  in 
Brazil.  In  the  latter  case,  ti»e  rocks,  when  first  uncovered,  were  so 
hard  Uiat  they  were  removed  by  blasting;  but  ihey  soon  underwent  a 
sort  of  slacking  process  and  crombled  away. 

By  solution,  oxidation,  and  hydration,  then,  a  solid  rock  is  con- 
.  verted  into  an  aggregate  of  loose  material,  which  may  remun  in  pkce 
as  soil  or  be  removed  by  the  mechanical  agency  of  mnmng  waters. 
As  a  rule  the  chemical  processes  are  incomplete;  some  of  the  mineralB 
are  not  entirely  altered,  and  the  loose  products  therefore  exhibit 
many  variations.  In  general  terms,  the  streams  separate  the  dis- 
integrated materials  into  coarser  and  finer  or  lighter  and  heavier 
portions.  The  claylike  substances  are  generally  light  and  finely 
divided,  and  therefore  remain  longest  in  suspension.  The  heavier 
sands  and  gravels  are  not  earned  so  far,  and  thus  a  separation  is 
effected.  In  these  coarser  portions  are  found  quartz,  together  with 
imdecomposed  fragments  of  the  various  minerals;  the  lighter  silts 
are  less  variable  in  composition.  Between  silt  and  sand,  however, 
there  are  all  possible  gradations,  and  a  correspondii^  diversity  is 
shown  in  the  rocks  that  are  formed  by  their  reconsolidation.  Mud, 
sand,  and  gravel  yield  shales,  sandstones,  and  conglomerates;  but 
there  are  sandy  shales  and  ai^fillaceous  sandstones.  The  separataons 
are  sometimes  fairly  complete,  but  they  are  oftener  imperfect.  Swift 
wateis  are  more  effective  than  slug^h  ones,  bot^  as  regards  prompt- 
ness  of  action  and  the  thoroughness  of  the  separations.  A  moim- 
tain  torrent  becomes  quickly  turbid  and  quickly  clear,  while  a  river 
flowing  through  a  flat  alluvial  country  is  rarely  free  from  discolora- 
tion by  suspended  sediments.  Much  silt  goes  to  the  ocean ;  the  coaiser 
sands  and  gravels  subside  near  the  place  of  their  origin.  I  speak 
now  of  stream  deposits,  but  the  sands  of  the  seashore,  which  repre- 
sent disintegration  through  the  action  of  waves,  follow  similar  rules. 
The  gravelly  portions  are  left  highest  on  the  beach,  then  come  the 
sands,  and  the  lighter  particles  are  carried  away  to  be  laid  down  as 
oceanic  ooze. 

But  rain  water  is  not  the  only  chemical  agent  for  effecting  rock 
decomposition.  Below  the  surface  the  ground  water  is  at  work,  and 
that  contains  an  accumulation  of  the  salts  formed  during  the  earlira 
stages  of  the  process.    It  is  poorer  in  oxygen  than  the  surface  waters, 

>  Bun.  Gaol,  Bne.  AmBrka,  toL  i,  IWB,  p.  321. 
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bat  richer  in  other  substances,  and  it  may  contain  a  lai^  proportion 
of  oi^tuiio  matter  derived  from  the  decay  of  vegetation.  This 
organic  matter  often  reverses  the  oxidation  which  had  previously 
taken  place,  reducing  feme  to  ferrous  compounds  and  sulphates  to 
sulphides.  Pyrite,  dissolved  away  from  the  surface  rocks,  may  reap- 
pear as  maroasite  elsewhere.  Furthermore,  the  orgaiuo  decomposi- 
tion funushee  lai^  amoimta  of  carbonic  acid  to  the  ground  water, 
and  so  itu^^ases  its  activity.  At  tiie  surface  ferrous  salts  have 
yielded  t^e  insoluble  ferric  hydroxide;  in  the  soil,  by  reduction,  the 
solubihty  is  partly  restored  and  in  the  form  of  ferrous  bicarbonate 
the  iron  may  be  more  or  less  washed  away.  When  alkaline  car- 
bonates have  been  generated  in  the  ground  water  its  solvent  power  is 
increased,  and  it  then  becomes  an  effective  agent  in  the  solution  and 
redeposition  of  ailif^.'  The  impregnation  of  any  solution  of  alka- 
Une  salte  by  free  carbonic  acid  yields  a  solvent  of  this  kind.  Ground 
water,  then,  is  in  many  ways  different  from  rain  water.  As  the  latter 
sinks  deeper  and  deeper  into  a  mass  of  rock  or  soU  it  undergoes  pro- 
gressive modifications, '  and  some  of  the  changes  which  it  brought 
about  at  the  beginning  of  its  career  may  be  reversed,  while  others  are 
accentnated.  At  certain  depths  the  decomposing  action  of  the  water 
may  cease  almost  entirely,  when  the  process  of  cementation  begins, 
and  then  new  rocks  are  generated.  The  subject  of  reconsoUdation, 
however,  belongs  in  another  chapter. 

In  volcanic  r^ions  the  gaseous  emanations  play  an  important  part 
jQ  altering  the  rocks,  and  so,  too,  do  the  acid  solfataric  waters.  In 
previous  chapters  these  gases  and  waters  have  been  sufficientiy 
described,  and  their  powerful  solvent  efifects  were  noted.'  Hot  waters 
charged  witii  sulphuric  or  hydrochloric  acid,  attack  nearly  all  erup- 
tive rocks,  dissolve  nearly  aU  bases,  and  leave  behind,  in  many  cases, 
mere  skeletons  of  sihca.  This  thorough  disintegration  of  lavas, 
however,  is  only  local,  and  has  not  the  wide  general  significance  of 
the  gentier,  less  noticeable  effects  produced  by  rain. 

EFFECTS    OF  VEGETATION". 

V^etation  exerts  a  profound  influence  in  the  decomposition  of 
rocks.  E^en  if  plants  did  no  more  than  to  retain  moisture,  making 
the  rock  beneath  them  damp,  their  action  would  be  important;  but 
tiiat  is  only  part  of  the  story.  The  roots  of  plants  penetrate 
into  the  crevices  of  the  rocks,  and  as  they  expand  by  growth,  they 

■  SwE.  W.HDiHd.Ara.  Jam.  8d.,4thMr.,Tal.3,18M,p.  lOD.  HDsacd raggnts  that  tbe  iDdiKkms of 
CMbon  dlozld*  leimd  In  qoaiU  nu;  nq^Ir  Dotabla  qnuUttn  ot  ttat  inbstaiiDe  to  ondcrgrDinid  walers. 

■  Id  addltiui  to  pnvkiai  nlamiceB,aM  W.  B.  Bobmldt,  lUn.  p«t.  llltt.,  vol.  1, 1B82,  p.  I,  on  the  actkm  ot 
■tdpharomaddupoaTolcsiilcrocka,  and  B.  Lott,  Dlaseriatkin,  aiMaeo,  Mil.  Tbeaotlonothotailatliiiu 
MtlM0«a«rIlr»eid,1i»BbmuoamiiwBilirlththesffectaorweattierliigl>r  E.SIeldtnuuin,  Eran.  Oaolog;, 
vd.  3, 1908,  p.  181.  Aji  bnportant  memofr  on  wmtherlng,  by  X..  D.  OlIiikB,  ti  In  TtaT.  Son.  Imp.  Nat.  St. 
PAanbouiKiVOl.  M,  IMM,  p.  1.    ODtlMd«ODmposItioDO[banlt,»BH.SImiiiiia,  Uonktah.  DtnlBcb.  gtol. 
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help  mechanioaUy  in  the  work  of  disintegration.^  The  roots,  more- 
orer,  often  cont^  organic  acids,  which  act  with  much  vigor  upon 
minMvl  aubetanoes.  The  soil  or  decomposed  rock  about  the  roots  of  a 
tree  is  often  bleached  by  the  solution  and  removal  of  ita  iron  contents. 
The  studies  of  H.  Carrington  Bolton '  upon  the  solubility  of  min- 
erals in  oiganio  acids,  and  especially  in  citric  acid,  show  how  power- 
ful this  action  must  be.  This  acid  decomposes  many  silioatea,  even  at 
ordinuy  temperatures.  FurthermorB,  plants  take  lai^  amounta  of 
mineral  matter  from  the  soil,  which  is  returned  to  it  in  a  different 
condition  after  the  vegetation  dies.  Lichens,  especially,  extract 
substances  directly  from  the  rocks  on  which  they  grow;  grass  and 
grain  crops  absorb  much  potash,  and  so  on.  These  substances  are 
found  in  the  ash  when  vegetable  matter  is  burned,  and  are  easily  de- 
terminable by  analysis.* 

The  number  of  oif^anio  acids  which  find  their  way  into  the  soD, 
from  one  source  or  another,  is  quite  considerable,  and  their  action 
deserves  a  mutdi  more  systematic  inveetjgation  than  it  has  yet  re- 
ceived. In  past  years  great  importance  was  attached  to  the  so-called 
"humus  acids,"  the  produota  of  vegetable  decay,  lliese  substances, 
however,  are  not  true  acids  at  all,  hut  vague  mixtures  of  colloids 
whose  precise  chemical  nature  is  yot  to  be  determined.  They  have 
some  geologic  significance,  and  H.  Oedroiz  *  has  shown  that  their 
alkaline  solutions,  percolating  downward,  and  meeting  lime  salts,  are 
precipitated,  forming  the  impervious  layer  known  as  hardpan.  They 
also  act  as  reducing  agents,  and  so  aid  in  the  formation  of  pyrite  or 
marcasite  and  in  the  deposition  of  iron  carbonates.  Their  alleged 
activity  as  solvents  of  silica  or  as  agents  in  rock  decomposition  is 
most  questionable.  Moor  waters  are  commonly  acid,  but,  as  K. 
Endell "  has  proved,  the  acidity  is  usually  that  of  carbonic  acid, 
whose  value  as  a  solvent  of  minerab  has  already  been  discussed. 
The  humus  substances  are  also  held  in  solution  by  alkaline  carbonates, 
which  readily  dissolve  silica.* 

iSeeA.O«Ik]e,T«ct-boolcDlgaala(;,tUiad.,p.sao,UHla.P.lIarrIQ,  Riwki,TOi±TeatlMrliig,uidaalli, 
p.ZDl. 
I  Aniuls  Mcv  Ycrk  Aaa.  Sd.,  vol.  1,  ISTT,  p.  1;  vai.  3, 1880,  p.  1. 

•  Od  thla  tliBma  thfra  an  sbnndant  data,  whloh  hsTe  bean  coUecled  prlndpallj  with  rafefence  to  ngct- 
culbmlproblflDU.  A  long  table  of  uh  uulrsea  mayb*  tnmd  In  Ialu»b.Cbenile,lS4T-18,p.lOT4.  rat 
Mtlmatta  of  the  amount  of  mineral  matl«  talces  Irom  the  aoll  by  hemp  aiid  bnoJcwhcal,  asc  R.  Pstw,  E<n- 
tocl?  Oeol.  Survay,  Chemical  analyMe,  vol.  A,  ISH,  p.  441, 

<  Chem.  Abitr.,  IBM,  p.  MOO.    Tram  Jour.  exp.  Landw.,  vol.  B,  IBOS,  p.  371. 

•  Neues  Jihrb.,  Bell.  Band  31, 1910,  p.  1,  and  Joni,  pnkt  Chemie,  3d  ur.,  vol.  SI,  1910,  p.  414. 

•  See  A.  A,  Inllcn's  monographic  paper  upon  the  geok^cal  actloD  of  the  bumoa  adds,  Froc.  Am.  Anoe. 
Adv.  Bel.,  1879,  p.  Ill,  tor  a  oomplata  raiiunai7  of  the  eailler  wotk,  now  mostl;  obaolets,  on  thla  mbtact. 
Brcent  papeia  by  A.  Baanuuui  and  E.  Onll;.  lUtt.  E.  Bayr.  Uaukiiltaraiutalt,  Haft  1, 1900,  p.  a,  and 
Han  4, 1910,  p.  131,  an  ImpMtaiit,  and  alao  two  br  H.  etiemme,  Zeltachr.  pnkt  OtOloclB,  190B,  p.  1E3; 
UIO,  p.  39.    The  recent  llteimtnra  upon  (he  hmnoi  aoida  Ii  vsj  Totumliiina. 
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INFIiTTENCE   OF  BACTERIA. 

'Even  forms  of  life  so  low  as  the  bacteria  seem  to  exert  a  definite 
influence  in  the  decomposition  of  rocks.  A.  Muntz  *  has  found  the 
decayed  rocks  of  Alpino  sununits,  where  no  other  life  exists,  swarm- 
ing with  the  nitrifying  ferment.  The  limeetonee  and  micaceous 
schists  of  the  Pic  du  Midi,  in  the  Pyrenees,  and  the  decayed  cal- 
careous schists  of  the  Faulhom,  in  the  Bemeee  Oberland,  offer  good 
examples  of  this  kind.  The  organisms  draw  their  nourishment  from 
the  nitrogen  compounds  brought  down  in  snow  and  rain;  they  con- 
vert the  ammonia  into  nitric  acid,  and  that,  in  turn,  corrodes  tjie  cal- 
careous portions  of  the  rocks.  A.  Stutzer  and  B.  Hartleb '  have 
observed  a  similar  decomposition  of  cement  by  nitrifying  baoteria. 
The  effects  thus  produced  at  any  one  point  may  be  small,  but  in  the 
a^regate  they  may  become  appreciable.  J.  C.  Branner,*  however, 
has  cast  doubts  upon  the  validity  of  Muntjs's  argument,  and  further 
investigation  of  the  subject  seems  to  be  neceesary.  That  microbes 
exert  a  great  influence  in  the  soil  is  beyond  question.  Apart  from 
the  effects  produced  by  nitrification,  the  germs  aid  in  bringing 
about  the  decomposition  of  oiganic  matter,  and  in  that  way  ^ormooa 
quantities  of  carbon  dioxide  are  generated.  Furthermore,  some 
species  decompose  sulphates,*  and  so  modify  the  composition  of  the 
ground  water. 

INFLUENCE    OF   ANIMAX   UFE. 

The  influcsice  of  animal  life  in  decomposing  rocks  is  perhaps  sec- 
ondary rather  than  initiative.  An  ordinary  soil  oontains  rock-form- 
ing minerals  which  have  been  incompletely  broken  down,  and  animals 
assist  in  completing  the  disintegration.  The  effects  produced  by 
guano  upon  the  rooks  immediately  beneath  it  may  be  more  direct,  but 
its  distribution  is  exceedingly  limited.  On  Uie  other  hand,  bur- 
rowing tmimftlg  bring  fresh  soil  to  the  surface  to  be  acted  upon  by 
rajn  or  blown  away  by  winds;  and  ordinary  earthworms  perform 
this  kind  of  labor  upon  a  vast  scale.  In  Brazil,  as  shown  by  J.  E. 
Mills  *  and  J.  C.  Branner,*  the  work  done  by  ants  is  of  the  greatest 
significance.  These  creatures  d%  tunnels  himdreds  of  yards  long  and 
carry  into  their  nests  great  quantities  of  leaves.  Through  their  vital 
processes  they  generate  carbon  dioxide,  and  the  decay  of  the  leaves 
must  develop  much  more.  The  ants  not  only  open  up  the  soil  to  the 
action  of  air  and  water,  they  also  help  to  saturate  it  witii  carbonic 
acid,  and  the  solutions  so  produced,  by  the  joint  action  of  rain, 

1  AmiBlMchlni.  phya.,  6th  bbt.,  vol.  II,  I8ST,  p.  IM;  Compt.  Band.,  vol.  110,  UK),  p.  UK. 

>  ZsiUchr.  angew.  Cbeoile,  1W9,  p.  KO. 

■  Am.  Iota.  6d.,  tlh  nr.,  vol.  3,  IWT,  p.  43S. 
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respiration,  and  organic  decay,  penetrate  to  considerable  depths  below 
the  surface.  The  decomposition  of  the  underlying  rocks  is  thus  dis- 
tinctly promoted  and  over  great  areas  of  territory. 

Before  passing  on  to  consider  the  products  of  decomposition,  a 
word  must  be  said  upon  the  destructive  influence  of  man.  By  drain- 
ing, grading,  irrigating,  fertihzing,  and  cultivating  the  soil,  by  tun- 
neling, quarrying,  and  mining,  the  processes  of  rock  decomposition 
are  promoted  in  many  ways.  New  surfaces  of  rock  are  exposed  to 
the  action  of  air  and  water,  new  solvents  are  introduced  into  the  soil, 
coal  is  withdrawn  from  the  earth  to  be  restored  to  the  atmosphere  as 
carbon  dioxide,  and  by  the  destruction  of  forests  erosion  is  accel- 
erated. The  extent  to  which  man  assists  in  the  decomposition  of 
rocks  may  easily  be  overrated;  hut  human  influence  is  one  of  the 
active  agencies  which  can  not  be  ignored. 

PRODUCTS    OF   DECOMPOSITION. 

The  products  of  decomposition  are  commonly  divided  into  two 
great  classes,  the  sedentary  and  t^e  transported.  The  sedentary 
products  are  those  which  remain  in  place,  such  as  residual  clays;  the 
transported  materials  axe  represented  by  glacial  drift,  river  silt,  wind- 
blown dust,  etc.  On  the  one  band  we  deal  with  substances  derived 
from  a  sin^e  lithologio  unit;  on  theothu'wehaveblended  or  assorted 
matraials  from  various  soiuxjes.  Corresponding  to  theee  differences 
of  origin  there  are  chemical  differences.  First  in  order  let  us  con- 
sider the  sedentary  products. 

When  a  rock  is  decomposed  in  place,  the  changes  produced  are  rela- 
tively simple.  Soluble  constituents  are  leached  away  and,  to  offset 
the  loss,  oxygen,  water,  and  often  carbon  dioxide  are  gained.  Ordi- 
narily the  gains  exceed  the  losses,  both  in  weight  and  in  bulk,  and  l^e 
change  may  be  either  complete  or  partiaL  Every  gradation  is  possible, 
from  incipient  altwation  to  the  most  thorough  decomposition.  The 
character  of  the  products  formed  will  depraid  upon  the  composition 
of  the  original  rock,  and  also  upon  the  nature  of  the  decomposing 
agents.  A  normal  granite,  for  example,  will  yield  a  mixture  of 
quartz,  kaolin,  and  scales  of  mica,  conmionly  commingled  witJi 
fragments  of  undecomposed  feldspar;  a  peridotite  is  convfflrt«d  into 
serpentine;  a  rock  rich  in  iron  is  likely  to  give  much  feoric  hydroxide, 
and  so  on.  The  more  easily  alterable  minerals  naturally  form  the 
more  easUy  alterable  rocks,  and  the  residues  which  they  furnish  will 
represent  the  maximum  amount  of  change.  That  change,  further- 
more, will  be  reflected  in  the  composition  of  the  percolating  waters, 
which  may  be  rich  in  silica,  or  carbonates,  or  sulphates,  according  to 
the  nature  of  the  minerals  upon  which  they  operate. 


.y  Google 
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Many  comparative  anal^^es  of  rocks  and  their  decomposition  prod- 
ucts are  on  record.*  The  following  analyses,  representuig  a  few  typi- 
cal examples,  are  enough  for  present  purposes: 

Awtlyta  o/rockt  and  tJieir  deeompotititm  pwdueU. 

H  grenlta,  Dtetrkt  ol  Colnmliia.    Described  by  itmUl,  Bun.  OtoL  Soc  AnMcks,  ToL  S, 
IS  qiurli,  block  min,  Iildspu,  cpldola,  apatite,  Bakaa  ol  Hridte,  uid  >  faw  bMk 
I  ons.    a,  The  Irash  rock;  b,  putly  decompiscd  rcKk;  c,  dtrtved  sail;  d,  Bna  iflt, 
■aiMnted  Inim  nil.    AnalyHi  a,  b,  o,  by  R.  L.  Packard:  d  b;  O.  P.  llarlll. 

B.  Hicaotoiu gsefs, Albemaile Coimty, Vlrffnla.  Aiu]rilaHiddiai!iiptionbr(l.P.UinlU,Bi]U.Oeal. 
Soe.  Anuitoa,  vol.  8, 1997,  p.  1J7.  The  roekoimtBlna  orlhoelBse,  ptogloclase,  black  uJob,  Ebnon,  qnarti,  boa 
om,  apatite,  ganwta,  aod  a  uoUte.    a,  The  (leah  rock;  b,  the  reaWoal  sdL 

C.  KlncUte  VOilte,  Founbe  Uountahi,  Aitaiuae.  Described  bj  3.  T.  WtSUanu,  Ann.  Sept.  Aikau- 
naOaoL  Buniay,  18M,  vol.  1,  pp.  81-83.  a,  The  Creah  rock.Biialyaeeby  W.  A.Noyee;  b,  c,  the  deoompoasd 
rook,  partial  analTaea  br  B.  N.  Brackett. 

D.  AugUe  loiltttteiRaOklMid  Ridge,  Waihlngtan.  AnalyM*,d«i3lptlaii,  andfnlldbcnsaloiibyZ,  A. 
Sdineidar,  Am.  Jour.  Sid.,  M  wr.,  ml.  M,  1888,  p.  238.  AceonUzis  to  A.  W.  JukKni,  the  cock  centatnt 
plagloalaM,  anftte,  apatlla,  magnetite,  and  legldna]  glass,   a,  The  fieah  rook;  b,  the  dcrlTed  soil. 
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1  For  agond  general  ducnsslan  of  the  dais,  Me  O.  P.  llcntll,Roaki,rock  weathering,  and  BoDs,  pp.  305-240. 


■aid.  Oeoan.,  VOL  W,UanaUb.,  IVM,  p.  17;  and  If .  I 


b,  Zeltadu'.  anotg.  Cbemla,  voL  47,  IMS,  p. 
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AtuUyia  of  rocti  and  (heir  deampotitwn  product* — Contiiiiied. 

E.  Dhliwii,  HedlBM,  ICnsMhiBiitta.  AiulyBU  viddlKiuskmbr  Q.P.  ItoriU.BnU.OaaLSiM.  AtDM> 
loa,  vol.  T,  ISSe,  p.  350.  AoDordiag  to  W.  H.  Hobbs  tHe  rock  tuDtalns  plagloolus,  au«lte,  bbttta,  prrlla, 
apatite,  magnetite,  Itmenlte,  and  some  secondaiy  products,  a,  Tha  tmh  lOck;  b,  dbbiteeialed  roA;  g, 
fine  allt.  For  data  conocnilng  ■  diabue  bDm  Chatham,  VtrghiiB,  aut  T.  L.  Wataoo,  Am.  OAoliiglit,  tsL 
21,  ISSS,  p.  85.    Tha  analyiei  gfven  an  not  oonqilete. 

T.  Dkiriea.AlbeinarlaCounty,  Vlrgtola.  DesBribadandanalyMdbr  O.P.Uanlll.Bocki.roakwaatlur- 
tng,  and  soils,  pp.  324,  325.  Cant&liia  bomblands,  plagkieUi*,  awl  tltuilo  inii.  a,  Tb*  Inoh  mtiti  tt, 
deoomposed  lock. 

0.  Diabase,  Spanish  Onlana,  Vmaiuela.  Dncrtbed  b;  O.  Attvood,  Quart  lour.  OeoL  Soo.,  ml.  3t, 
Ig79,p.S8S.  AnalyHB mode Mlha Royal Bchool of  ICfatea, London,  a, The &«h I0<k;  b, matherad rock; 
0,  highly  wmthered  rock. 

H.  Dlabaw,  Island  at  lemy.  DaMrfbed  by  P.  Holland  and  E.  Didoon,  Pioo.  Lhan<oal  OboL  Boa., 
vol.  7,  lg»-ffl,  p.  103.  a,  Tha  Iieali  rock:  b,  deoomposed  rook.  Holland  and  Dhtoonalaogtva  data  talaaw 
to  the  daconguittion  at  a  granite  and  a  ■anditona. 

1.  Anglte  dkirlte,  Hsgnetberg,  soulhEiii  Urals.  DaacrlbBd  by  J.  Uoroiawlei,  ababBBt  In  Zettsdir.  Kryat, 
lUn.,  vol.  39, 19M,  p.  S13.  The  rock  altas,  first  by  laachlnc,  bea  Iron  oildea  being  disaolTsd  sad  partly 
ndapoattad  in  ererloes;  second,  by  ctalorttlutlonol  the  auglce  and  production  of  garnet  mknilftts;  finally 
by  kaoUnliatlan  at  tha  (eldspars.  a.  The  frtoh  rock,  specific  gravity  3.SS8;  b,  first  stage  of  deomqKiattlon, 
spedSo  gravity  1.918;  c,  seoond  stage,  specific  gravity  3.601. 
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AH  of  these  compaxatiTe  groups  tell  essentially  the  same  stoiy. 
Oxidation  of  the  iron  compounds,  aesumption  of  water,  and  loss  of 
soluble  bases  by  leaching  are  changes  which  can  be  Tocogpixod  at  a 
f^ce.  The  concentration  of  the  slightly  soluble  alumina  and  fenio 
oxide  in  the  residual  substances  is  also  clearly  apparent.  But  the 
true  magnitude  of  each  alteration  is  not  so  easily  seen.  In  some  cases 
the  changee  appear  to  be  small,  when  actually  they  are  quite  note- 
Worthy.  The  apparent  gains  in  alumina  are  only  relative,  and  so,  too, 
are  all  the  other  percentage  variations.  In  order  to  determine  the 
true  alterations  we  must  eliminate  the  disturbances  due  to  oxidation 
and  hydration,  and  this  may  be  done  eithra  by  examining  molecular 
ratios  or  by  assuming  that  one  rock  constituent  is  constant  and  com- 
paring the  others  with  it.  The  latter  method  is  the  most  used  and 
has  been  applied  by  Merrill  to  the  several  groups  of  analyses  studied 
by  him.  Either  ferric  oxide  or  alumina  is  taken  as  invariable,  and 
£rom  that  as  a  standard  the  relative  losses  of  the  other  constituents 
can  be  roughly  estimated.  The  process  is  not  rigorously  exact,  but 
it  ^ves  a  fair  conception  of  what  has  really  occurred.  The  alumina 
IB  not  abs<^utely  insoluble,  but,  relatively  to  the  other  bases,  it  is 
very  nearly  so. 

For  four  of  the  rocka  under  consideration  Merrill  givee  the  follow- 
ing computations.  The  first  table  shows  the  percentage  of  each  con- 
stituent lost  by  the  original  rock.  The  second  table  gives  the  per- 
centage lost  by  each  substance  referred  to  its  total  amoimt  as  one 
hundred. 

ReiuUt  of  deeompoiUion  ofctrtain  rock*. 
Z.  Puwotai*  of  Task  loit. 
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From  these  figures  we  can  see  more  dearly  what  has  happened  to 
each  rock,  hut  we  can  not  compare  the  four  colimins  with  one  another. 
There  are  still  too  many  variables.  The  rocks  contain  different 
minerals,  they  have  weathered  with  varying  completeness,  and 
they  were  not  exposed  to  the  same  percolating  waters.  B^irther- 
more,  weathering  is  affected  by  the  texture  of  a  rock,  and  a  compact 
feldspar  will  change  less  readily  than  one  which  is  full  of  crevices. 
Coaiseness  or  fineness  is  another  factor  to  be  taken  into  account. 
In  short,  the  quantities  are  incommensurable  and  no  general  rules, 
except  as  to  the  main  tendencies  to  alteration,  can  be  based  upon 
them.  Each  individual  rock  alters  in  accordance  witb  the  conditions 
to  which  it  has  been  exposed,  but  the  general  trend  of  the  changes 
is  always  in  the  same  direction.  Lime  is  always  removed,  but  per- 
colating waters  rich  in  carbonic  acid  will  cany  it  away  more  easily 
than  waters  less  heavily  charged.  The  hme-soda  feldspars  decompose 
more  readily  than  orthoclase  or  microcline.  OUvine  wiU  lose  magnesia 
more  readily  than  enstatite.  The  soIubiUty  of  sihca  will  vary  with 
variations  in  the  leaching  agent.  Material  withdrawn  at  one  point 
may  be  redeposited  at  another.  Local  and  temporary  conditions 
meet  us  at  every  turn;  so  that  although  we  can  tell,  in  broad,  general 
terms,  how  a  given  rock  will  change,  we  can  not  predict  the  alteration 
in  its  quantitative  details. 

RA.TE   OP  DECOMPOSITION. 

The  extent  to  which  rocks  undergo  decomposition  within  a  given 
time  is  lai^ely  dependent  upon  climatic  circumstances.  In  the 
polar  regions,  where  waters  are  frozen  during  a  great  part  of  the 
year,  solution  goes  on  more  slowly  than  in  warmer  climates.  In  the 
Tropica  the  waters  not  only  act  continually,  but  their  energy  is 
increased  by  their  higher  temperatures.  Frost  is  most  effective  aa  an 
agent  of  disint^^atioa  in  climates  where  alternations  of  freezing  and 
thawing  are  most  frequent.  As  E.  W.  Hilgard  '  has  well  said, 
"The  chemical  processes  active  in  soil  formation  are  intensified  by 
high  and  retarded  by  low  temperatures,  all  other  conditions  being 
equal."  Disintegration,  however,  as  distinguished  from  decay,  is 
very  active  in  high  latitudes  and  also  in  arid  regions.'  In  both 
cases  the  great  alternations  of  heat  and  cold  promote  disintegration, 
whereas,  for  lack  of  flowing  water,  solution  and  erosion  are  retarded. 
In  an  arid  region  the  diurnal  variations  of  temperature  are  extreme, 
and  inequalities  of  expansion  among  the  minerals  of  a  rock  produce 
their  maximum  effects.  Fiulhermore,  the  dust  and  sandstorms  of  a 
desert  advance  the  disintegrating  process.  The  rocks  are  ground  to 
powder,  but  much  of  the  debris  remains  in  place  and  loses  compara- 

■  RspartontbenlBUiHuoCnilU) 

■  See  I.  C.  RusmU,  Bull.  Otol.  So 
rock  weatherlni,  KUl  aol\a,  pp.  ITS, 
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tJYely  little  b;  leaching.  In  humid  climates  ffloaion  and  solution  go 
on  together,  and  an  abtmdance  of  vegetable  matter,  living  or  dead, 
helps  to  hasten  the  decomposition  of  the  rock-forming  silicatee. 
Between  soils  of  arid  and  moist  climates  there  are  striking  differences 
of  composition,  as  Hilgard'  has  clearly  shown  by  means  of  the  follow- 
ing averages.  Under  A  is  given  the  average  composition  of  466 
soils  from  the  humid  regions  of  the  Southern  States.  B  represents 
the  average  of  313  soils  from  the  arid  areas  of  California,  Washii^ton, 
and  Montana. 
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That  a  much  greater  proportion  of  soluUe  matter,  unremoved  by 
leaching,  is  present  in  the  arid  regioas  is  evident  at  a  glance.  The 
desert  soils,  when  suppHed  with  water,  are  exceptionally  fertile, 
because  they  have  retained  in  a  laige  measure  the  foods  that  plants 
require. 

KAOUN. 

The  chemical  products  of  rock  decomposition  are  extremely  varied, 
as  might  be  naturally  inferred  from  t^e  min^alogical  complexity 
of  the  original  masses.  In  the  residues  which  remain  after  leaching 
we  find  free  sihca,  either  as  quartz  or  opal,  fragm^its  of  various 
undecomposed  minerals,  hydroxides,  and  a  number  of  the  rather 
indefinite  substances  known  as  clays.  Among  the  latter  kaoUnite, 
H^l^i}0„  and  its  ferric  equivalent,  nontronite,  H^Fe^ijOf,  are 
perhaps  the  most  important.*  These  species  occur  admixed  with 
one  another  and  also  with  other  hydrous  silicates,  opaline  silica, 
and  hydroxides.  Eiiolinite  is  a  very  stable  compound,  but  non- 
tronite is  easily  decomposed,  either  by  acid  or  alkaline  solutions, 
yielding  a  ferric  hydroxide,  limonite,  as  a  final  product  of  aqueous 

I  op.  cit.,  p.  ao. 

>  Thla  equinlBiX7  batWMD  balbilt*  and  DOUtRmll*  WM  raoMtvd  by  2.  WdndiKik,  Z«ltrabr.  KjtM. 
Mlu.,  vol.  K,  I8BT,  p.  ISO.    A.  B«rgeat,  However  {Cmtnlbl.  Ud.,  Oeol.  u.  P*l.,  1KB,  p.  1S1>,  d 
'  •dframwollHtonlW.ualsaaltadlffarantfoninila— H(F»£b0» 
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actjon.  According  tA  Weinscbenk,  mixturea  of  kaoUiiite  &ad  non- 
tronite  are  sometmies  found,  in  which  the  structure  of  the  original 
gneiss  is  plainly  to  be  discerned.  That  kaolinite  is  the  chief  residual 
product  of  feldspathic  decay  ia  the  commonly  accepted  view,  hut 
some  writers  hold  that  it  is  not  formed  by  ordinary  weathering. 
According  to  H.  ROsler,'  kaolinite  is  only  produced  by  pneumato- 
lytic  action — that  is,  by  the  operation  of  thermal  waters  and  gaseous 
emanations.  This  theory,  which  apphea  to  some  locahties,  but  not 
to  all,  has  led  to  much  controversy.  F.  H.  Butler,'  studying  the 
porcelain  clays  of  Cornwall  and  Devon,  ascribes  their  formation  to 
the  action  of  hot,  ascending  wafers,  for  he  finds  the  degree  of  kaoliniza- 
tion  to  increase  with  depth,  with  fresher  rocks  near  the  surface. 
E.  WOst '  r^ards  the  kaolin  near  HaUe,  Germany,  as  derived  from 
feldspars  by  the  action  of  humus  acids.  That  kaolinization  often 
takes  place  under  moors  due  to  ihe  carbonated  waters  that  are  there 
present  has  been  ui^ed  by  various  writers;  for  example  by  O.  Haehnel,* 
J.  !E.  Bamitzke,*  F.  Weiss,*  K.  Endell,'  and  others.  H.  Stremme  ' 
recc^;nizes  the  almost  self-evident  fact  that  any  of  the  su^j^ted  pro- 
cesses may  be  operative,  weathering,  paeumatolytic  action,  and 
kaolinization  by  moor  waters,  but  ascribes  their  efficiency  in  all 
cases  to  the  chemical  activity  of  carbonic  acid.  Jointly  witb 
C.  Gagel  *  Stremme  describes  one  instance  of  kaolioization  by  the 
waters  of  a  cold  carbonated  spring.  V.  Setle,^"  who  has  studied  the 
kaolin  of  HaUe,  which  is  derived  tivm  quartz  porphyry,  traces  it  to 
ordinary  weathering,  first  sericite  and  then  kaolinite  being  -formed. 
Here  the  deposit  is  richest  in  kaolin  near  the  surface.  The  abundant 
kaolin  along  the  eastern  side  of  the  southern  Appalachians  is  evi- 
dently due  to  the  weathering  of  pegmatite. 

In  short,  kaolin,  like  many  other  substances,  may  be  formed  by 
any  one  of  several  processes,  in  all  of  which  water,  hot  or  cold,  and 
carbonic  acid  take  part.  No  one  interpretation  can  fit  all  its  occur- 
rences. 

1  NniM  Jihrb,,  BoILBuidlfi,  l>a2,p.23l.  BMsrgtTceablbUognpbrrelatfv«tokaalInitMl(Mi,«iiibno- 
bsSOStltlM.  Bmb1«0.  Btotiei.ZailwshT.iirakt.  afiOlDgl>,im,p.333,irliciaoo(iptiRCIslei^Tlew,iDdT. 
U.van  B«niinalcii,ZelMchr.uiorg.Cl]em]c,VD].M,ll>10,p.312.  VaaBcmmelm.haireTar.daanDtBacqit 
tha  t)M0i7  exclaalrelT  bat  *dnil(a  Uut  ireatlierlng  may  also  produoe  kaolin.  In  a  ncuai  papac,  Zahadic 
pnkt.  0«dc«l»,  l«Oe,  p.  It  I,  BCalat  dilBHli  hii  Tinn. 

1  KtaMnjQIt.  Vat-,  vol-  U.  IMS,  p.  128. 

I  ZaltwdiT.  pnkt,  Oadoeie,  1907,  p.  19. 

•  lour.  prakL  C^amle,  ad  wr.,  vol.  7S,  1D0S,  p.  380. 
>  Zdtnhr.  piakt.  Oeologla,  IMS,  p.  (IT. 

•  Idem,  1910,  p. 3S3. 

'  Spreciuaa],  Hob.  19,30, 1910. 

■  ZettKhr,pTskl.Oflal(^,lB0B, pp.  122,443.  Otbarncoitpapcraon  tha  orlgtu  of  elayi  tn'bjQ.Uttck, 
Oeol.  Riinds<ihaii,va].l,p,  389, 1013;  B.  Bin,  Tmu.  Am.  Caramlo  8oc.,vi]1. 13,191i,p.  IS;  H.  O.  Back- 
flun.  Idem,  toL  U,  1911,  p.  339;  and  I.  Oiiuburg,  Ann.  Init.  FolrUoli.  Bt.  FflUnbnrE.TDl.  IT,  IMS,  p.  M. 
Otnaburg'B  papar  it  In  RuHlan,  wlUi  a  Oeiman  titeCnrt,  and  a  ocf>loiu  blbllogcqflijp. 

•Cmtralbl.  Ifln.,  OeoL  ti.  Pal.,  1909, p.  427. 

"Mar.  Qtan.  Soc,  TOL  M,  pt.  3,  p.  S3,  abatiaot  Iron  ZaHadit.  Natorwln.,  nd.  n,  IXff.p.  BL 
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The  other  hydrous  silicates  of  aluminum  and  iron,  Buch  as  halloysite, 
dmolite,  pyrophyllite,  chloropal,  etc.,  are  of  more  or  leas  uncertwn 
origin.  Probably  different  crystalline  silicates  yield  different  resi- 
dues of  this  ill-defined  class,  and  any  or  all  of  them  may  exist  in 
residual;  clays.' 

IiATERrrE  AND    BAUXITE. 

In  tropical  and  subtropical  regions  the  processes  of  rock  decay 
are  often  carried  further  than  is  usually  the  case  within  the  tesm- 
perate  zones.  The  leaching  is  more  complete,  the  silicates  are  more 
thoroughly  decomposed,  and  the  residues  are  ridier  in  hydroxides. 
In  India,  for  example,  la^e  areas  are  covered  by  a  red  earth  known 
as  laterite,  which  in  some  cases  is  undoubtedly  a  derivattve  in  place 
of  preexisting  rocks,  such  as  granite,  gneiss,  basalt,  or  diorite.  In 
oth^  cases  the  laterite  is  detrital  in  character  and  far  distant  from 
its  place  of  oiigin.  The  term  has  been  vaguely  used,  and  as  em- 
ployed by  different  writers  it  has  meant  very  different  things.  It 
has  been  applied  to  ferruginous  days,  sediments,  beds  of  iron  ore, 
and  products  of  volcanic  action,  and  its  formation  has  been  attrib- 
uted to  a  variety  of  causes.'  W  J  McGee*  compares  laterite  with 
the  ferruginous  clay«  and  soils  of  the  upper  Mississippi,  and  F.  R. 
Mallet  *  regards  the  iron  ores  associated  with  the  basalts  of  Ulster 
as  having  a  lateritic  character.  W.  Maxwell,'  describing  the  red 
soils  of  the  Hawaiian  Islands,  which  are  derived  from  lavas  by 
the  action  of  volcanic  acids,  points  out  their  similarity  to  laterite. 
T.  H.  Holland  *  suggests  that  lateritization  may  be  due,  in  part  at 
least,  to  the  activity  of  bacilli  or  other  micro-oj^anisms  which  could 
live  in  a  warm  climate  but  not  in  oolder  r^ons.  J.  Waltho? '  and 
S.  Paasarge  *  call  attention  to  the  relatively  lai^e  proportion  of  nitric 
acid  in  itiinfall  during  tropical  thunderstorms,  and  r^ard  it  as  a 
possible  cause  of  lateritization.  Brought  to  the  surface  of  a  decom- 
posing rocJt,  it  might  extract  the  iron  as  ferrio  nitrate,  and  that  oom- 
pound  is  MtJier  easily  hydrolyzed  or  else  pre<apitated  by  alkaline 
oarbonates.  In  short,  similar  products  may  have  been  formed  in 
several  different  ways,  and  identity  of  composition  does  not  always 

lOn  theooiistUatlaaofUiealayilllaalHMa  H.  LeChaUUs',  Z«tlaclir.  ph;ifkBl.  Cbeoile,  vol.  1,  IgST, 
p.  38«.  Sea  alw  J.  W.  UeUoi,  Tram.  Ceremlo  Sod.  (QiglMi]  vol.  10,  lSlD-11,  p.  M,  and  T.  W.  Claike, 
BnU.  U.  8.  Oral.  8uiT«7  No.  (88, 1011. 

■  See  B.C.  OMhwn,  tbrnnal  oribe  geolocr  o' India.  Zd  ed.,  1993,  pp.  3t8-S70.  P.  Lake(Uem.  a«al. 
8im<7  India,  TOl.  34,  pt.  3, 1890,  pp.  1T-M)glvea  kgoodflimmarfal  earlletvlswi  upon  the  origin  of  lateriu. 
AnoOiei  elaborate  smnioary  la  praasnted  by  O.  C.  Dn  Bala,  UId.  pet.  ICttt,  vol.  23, 1003,  pp.  t-lS.  A 
liwd  ohapMr  cm  laterite,  with  a  blbllogr^^,  Is  Id  Abfaindl.  E.  prviui.  geol.  LandCBaiiatalt,  new  sar.. 
Baft  83,  IBM. 

■  Gaol.  Uag.,  1880,  p.  310. 

•  Rtc.  Oaol.  Borvef  India,  vol.  11, 1881,  p.  UB. 

•  LaraaaiidaoUaoftbeHanllaii  Iilindji,  Hmotnlu,  1808.  Uaxwall  gives  man;  BnalfaiB  of  daoompoal- 
Vaa  piadoDtB  dulved  from  lava,  both  b;  voloanio  action  and  b;  normal  weatbactog. 

*OeDl.Hag.,lM3,p.68. 

T  Vortandl.  Oeaell.  Erdhmde,  vol.  IS,  IBBB,  p.  SIS. 

■Bapt.BixthIntenmt.Oeag.CoDg.,Londoi],lS(ll>,p.e71.  ^~.  . 
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imply  identity  of  origin.  Whatever  ite  deriration  may  be,  whether 
from  rooks  in  place  or  as  a  transported  sediment,  true  laterite  is 
essentially  a  mixture  of  ferrio  hydroxide,  aluminum  hydroxide,  and 
free  silioa  in  varying  propoitione.  To  laterite  in  situ  this  state- 
ment applies  very  closely;  detrital  laterite  is  usually  contaminated 
by  admixtures  of  day.  Just  as  in  the  formation  of  kaolin,  the  proo- 
ees  of  lateritization  may  be  complete  or  partial;  the  typical  product 
appears  only  when  the  alteration  of  the  parent  rock  has  gone  on 
to  the  end.  Then  the  sihcates  aeem  to  be  completely  broken  down, 
whereas  in  kaolinization  a  stable,  hydrous  Bilicate  remains.  In  one 
oase  we  have  silioa  plus  free  hydroxides,  in  the  other  silica  plus  kaolin. 
According  to  E.  C.  J.  Mohr  *  lateritio  decomposition  (and  the  forma- 
tion of  bauxite)  ocours  principally  where  there  are  plagioclase  feld- 
spars. AlkaU  feldspais  yield  mainly  kaolin.  In  this  view  J.  B. 
Harrison,*  who  has  studied  the  lateritee  of  British  Guiana,  oonoura. 
In  India  laterite  may  be  derived  from  various  rocks,  and  in  some 
oasee  its  source  has  been  in  beds  of  volcanio  ash.  According  to  F. 
Lake,*  the  laterite  of  Malabar  is  produced  in  situ  from  gneiss.  M. 
Bauer*  has  described  "granite  laterite"  and  "diorite  laterite"  from 
the  SeyoheUe  Islands;  in  Surinam,  according  to  G.  C.  Da  Bois,*  its 
usual  parent  is  diabase;  in  the  Hawaiian  Mands  it  is  formed  from 
reoent  lavas.*  There  are  numy  analyses  of  laterite,  some  of  them 
relating  to  samples  of  known  origin,  others  to  detrital  material. 
For  example,  Bauer  gives  these  two  analyses  by  K.  Busz  of  laterite 
from  ihe  Seychelles: 

I  BnU.  Dept.  Ap.,  Indes  Nterianchlsea,  No.  2&,  ima.    An  euUer  impit  on  laterite  b  In  No.  17, 1H8. 

■  Owl.  Kag-,  1010,  pp.  *3»,  iBS,  U3.    On  Ut«rlts  bom  dtobaM,  Idem,  1811,  p.  120. 

•Mem.  Gaol.  Bamj  lodi*,  to],  24,  pt,  3, 1880,  p.  17.  U.  IfHdaian  (Ocol.  Uag.,  I90«,  p.  S3S)  n^ards  tbe 
Indhm  Uterlta  as  toniMd,  notdtiectly  fnnltu,  but  by  nplaoement  ol  »1]  or  deoHnpcsed  nek  b;  depoolli 
iHint  mInBrallied  solutkns.  Tbe  latter  he  attributes  to  rabteitanean  decompoaltlaTi  of  illkstee  by  cai> 
bonated  watcn,  A  rimHar  theoif  is  advaaced  by  I,  U.  Campbell  (Trans.  Inst.  UIo.  and  Vnt.,  toL  U, 
1010,  p.432),whoR0Brd9tbflhydroxtdeHoflAterftaBsdeposJtBdfTDinascendlii£,TnlDeraUzed  watOTB.  Otbv 
noot  papBs  on  tatsrite  ue  by  1.  R.  KDroe  (Oeol.  Mag.,  leOS,  p.  1134),  ].  Chautard  (Compt.  Rand.  Soc. 
(nd.mln.,  April,  1908,  p.  IIB),  Chanlard  and  P.  Lemoloe  (BdU,  Boc.  fnd.  min,,  4tli  aer.,  TOl.  n,  IBOB,  p.  306, 
and  Compt,  Hand.,  vol.  I4B,  IMS,  p.  238).  F.  P.  UannaU  (Oeol.  tiag.,  1906,  p.  3!0)  bas  docrlbed  laterita 
to  Rhodesia.  I.  If.  Van  Bemnulan  (Zeitschr.  anois.  Chemle,  vol.  M,  UID,  p.  ^22)  dlscasses  laterite  aad 
ka<din.  SeealioH.  Leni,Inaiig.  Diss,,  Freiburg,  ieos,andW.He]gen,  Oeol.  Riindadiau.To9.2,p.l?7.igil. 
On  tbe  latvtt«ot  French  OiilnMk  ne  A.  Lwxoli,  TfouT.  Arch.  Uiu.  Hist  Nat.  (PaTii),Stb»r.,  ToLlS, 
1S13,  p.  ass,  reviewed  by  L.  L.  Permor,  hi  Goal.  Uag.,  IBIS,  pp.  29,  77, 123. 

<  Nenes  Jabrb.,  1898,  Band  2,  p.  1S2.    Alu  a  later  paper  by  Bauer  tn  Neuas  Jahrb,,Feettiaiid,ll)07,p.I3. 

•  Uln.  pet.  Ultt,,  Td,  22, 1903,  p.  I.    Du  Bols  gives  several  analyMs  orlatHlla. 

«  W,  UaiwaU,  UtTas  and  sods  ol  tbe  Hawaiian  Islands.  C.  Element  (MIn,  pet.  ICttt.,  vid.  8,  IBM,  p.  26) 
(tne  two  analyaas  o[  latnlta  from  Uu  Ccnga  RIw  In  West  Ahica.  Otber  Impottent  analjaas  an  by 
B.  Anandaux  (Compt.  Rend.,  vd.  119, 1909,  p,  S82,  and  vol.  lU,  1910,  p.  189«}  and  A.  AttwbetE  (Can. 
bmlbl.  Un.,  Oeol.  n.  Pal.,  1909,  p.  3S1).  In  certain  Indian  latarita  W.  R.  Dmutan  (Bee.  Oeol.  Bnmy 
India,  Tot,  37,  pt.  2, 1908,  p.  213)  iOond  onasual  amounts  oF  TIOi,  up  to  IS.TSperaBnt.  Oolatetlle  tn  Weet 
AD9lnllaieeB.B,6hnpBn,Oaid.UBe.,]912,p.3«3.    On lal«rite in  UoninblqDe, see  A.  Hatme^  Idam, 
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Analyta  oflaterite. 


Or^^ 

Dlorftebt- 

SiO 

62.06 
29.49 
4.64 
14.40 

10a69 

99.86 

If  from  these  iniztnrefi  we  dednot  tiie  silica  as  quarte,  the  remfdnder 
will  approximate  to  the  general  formida  RO,H„  which  is  that  of 
gihbsite.  The  water,  however,  is  a  little  too  low,  and  a  carefid  reduc- 
tion of  the  data  leads  to  the  suppQeitioD  that  the  residual  substance 
ia  a  mixture  of  gibbsite,  AlO^H,;  diaspore,  AlO^,  and  limonite, 
Fe^HgO).  In  short,  laterite  is  identical  in  type  with  batmte,  and 
is  merely  an  iron-rich  Tariety  of  the  latter.  Between  (he  aluminous 
bauxite  and  the  iron  oompound  limonite  all  sorts  of  mixtorea  may 
oocur. 

From  this  point  of  view  the  analyses  of  Indian  laterite  published 
by  H.  and  F.  J.  Warth'  are  peculiarly  instructive.    A  represente 
^bbsite,  B  bauxite,  and  C,  D,  E,  and  F  laterite,  found  in  situ. 
Analj/tei  o/gibbtUe,  bauxite,  and  lateriu. 


A 

B 

c 

D 

E 

F 

10.52 
.23 

36.38 
34.27 

io^:::::::::::::::::;::::: 

2.78 
63.80 
.44 
.03 
.20 
.04 
33.74 

0.93 
67.88 
4.09 

3.90 
54.80 
13.75 

0.37 
43.83 

26.61 

Sio ::::::::::::::::: 

.36 
L04 
26.47 

.36 

.38 

26.82 

.86 
4.45 
23.88 

.40 

.10 

19.00 

H^'.:.v.'.'.:.:;;" ::; 

100.03 

100.77 

100.00 

100.00 

100.00 

100.00 

The  following  analyses  (Q  to  J)  represent  detrital  lateritee: 
AnaJyut  o/delrilal  lattritta. 


a 

H 

I 

J 

Oittila 

6.67 
28.77 
15.40 
41.50 

None. 

None. 

.25 

7.41 

4.53 
50.26 
11.86 
28.99 

None. 

None. 

,43 

3.93 

39.-53 
17.16 
9.58 
2a  38 

"■""■6i' 

6.34 

fALo; 

H^'.v.v;... ■..■;■ 

100.00 

100.00 

loaoo 

loaoo 

ia«i^  ^i»g;  1903,  p.  IM.  Only  ■  selection  from  among  a  lu^  number  of  aimtrses  am  begfren  ben. 
Seeeln  H.  Wartb,  Mlngelog.  Hog.,  vol.,  13,  IWQ,  p.  172,  for  *  dascilpUon  ot  ludlHi  gfbbelte,  nd  L.  L. 
Fennor,ItM.  OaoLSarreylnilli,  TOl.M,  lM6,p.  1S7,  on  gibbalte  and  mangauae  one  In  latacltB.  Tenner 
bv  alK>  dimnaed  tbe  natiin  of  laterite  In  Owl.  Ung,,  1911,  pp.  4M,  JOT,  ES». 
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Between  bauxite  and  laterite  there  is  no  dividing  line,  and  the  one 
shades  into  the  other.  The  detrital  lateritee  diifer  from  those  in 
situ  merely  in  having  taken  up  sand  and  clay  during  their  tran^ 
portation  from  one  point  to  another.  The  bauxite  itself,  if  we  restrict 
that  term  to  the  donuDantly  aluminous  varieties,  is  probably  a  mix- 
ture of  the  two  hydrates,  coTTesponding  to  gibbsite  and  diaspore,  the 
latter  compound,  however,  like  t^e  gibbsite,  being  in  an  amorphous 
condition.  CrystalUzed  gibbsite  or  hydrai^ilhte  is  comparatively 
rare. 

Bauxite,  like  lateiite,  occurs  under  &  variety  of  conditions,  which 
suggest  a  dissimilarity  of  origin.  Its  formation  has  been  expluned 
in  various  ways,  but  no  one  theory  seems  to  fit  all  cases.'  The  Freneh 
bauxites  are  found  mostly  associaCed  with  Cretaceous  rocks,'  and  they 
have  been  interpreted  by  several  writers  as  deposits  from  hot  springs 
or  other  thermal  waters.*  S.  Meunier,  for  example,  regards  bauxite 
as  predpitated  alumina  thrown  down  by  the  action  of  calcium  car- 
bonate upon  solutions  of  aluminic  salts.  Hot  waters,  rising  from  con- 
siderable depths,  are  supposed  to  have  dissolved  alumina  from  the 
rocks  and  brought  It  into  the  region  of  limestones.  The  fact  that 
certain  French  bauxites  rest  upon  corroded  limestones  gives  a  plausi- 
bility to  Meunier's  su^estion.  This  mode  of  occurrence,  however,  is 
not  general. 

In  several  German  localities  bauxite  is  found,  like  laterite,  as  a 
direct  residue  from  the  decomposition  of  basalt.*  The  bauxite  in 
some  cases  shows  the  structiire  of  the  ori^al  rock.  Aug£ '  observed 
bauxite  at  one  locality  in  Auvei^e  reetiog  on  gneiss  and  partly  over- 
Ifun  by  basalt.  In  Ireland  Q.  A.  J.  Cole  *  has  described  bauxite 
which  was  apparently  derived  from  rhyolite  or  rhyolitic  ash,  and  one 
decomposing  rhyolite  was  foimd  to  contain  a  considerable  proportion 
of  alumina  soluble  in  hot  sulphuric  acid.  Cole  supposes  that  the 
lavas  were  Gist  attacked  by  acid  vapors  and  that  the  alumina  so  dis- 
solved was  preapitated  by  waters  containing  alkaline  carbonates. 

>SmT,  L.  WaUon,  BaU.  Oaid.  Surve;  OcorglB  No.  11,  IBM,  for  a  lood  nutimary  of  the  Ittccslon  o( 
twulU,  and  •  btbllopaifli;. 

>  Baa  H.  Coquand,  BnH  Boo.  g«oL  Fnnoa,  U  sa.,  vol.  7a,  ISTO,  p.  es.  Augi,  Idem,  Sd  aer.,  vid.  18,  lOO, 
p.SllL  F.  I«u,  Tmu.  Am.  lajL  lUn.  Eng.,  vol.  at,  18S4,  p.  334.  FoT  a  la(«r  papa  by  Lam  a«e  Ccoivt. 
Bod.  Soo.  iDd.  min.,  1908,  p.  130.  On  the  oompositlon  of  baiutte  w«  H.  Anaodaox,  Cnnpt.  Band.,  vd. 
US,  IMS,  pp.  937,  Illfi;  and  aln  in  Bull.  Boo,  mto.,  vol,  3«,  p.  70, 1S13. 

>  Sea  Coqiiand  and  Aagi,  ai]iDt  cited;  alto  B.  Ueunier,  Compt.  Rend.,  voL  M,  188S,  p.  ITtt;  BnlL  Boo. 
gM.  Ftanca,  3d  scr.,  vol.  17, 1SS8,  p.  m.  AugjarKneafrom  an  errooeoaa  datum  lelatlve  to  nippiaed  banxlta 
temad  b;  geyKn  In  the  Yellowstone  National  Paik.  F.  Faimantlv(Compt.  Rend.,  ToLllll,190,p.  13B) 
hatrallwl  af^nUlfMlli^t^*^''*'*""*'''^"^'''"'"*"^*"'"^^^**^*  "*'*** 

•  See  A.  BWbS,  Zaltadu.  Deaticb.  gul.  Oesea,  toL  3»,  188T,  p.  on.  A.  UabiUi,  mmg.  I>Im.,  ZarUt, 
imi.  T.  FeUtHO,  Bv.  XXVI  Ven.  Obanhefai.geoLVctefaia,  l»3,p.88.  J.  Lang,  B<r.  Daoladk.  diam. 
OeadL,voLlT,lSM,p.3W.  K.  Dalkeak>iap,Zaltaohr,prakt.Oaalogla,lKI4,p.lOS.  EBbikh, Mam, IMS. 
p.  SI,  H,  If  Dntlar,  Inaag.  Dl».,  Olessca,  IMS,  on  laterlte-banxlta  deposHa  In  the  Vogebtabliga.  On 
Bnngvian  baoxtta,  aee  1,  von  Biideoiky,  FOIdt.  KflcL,  vol.  SS,  iMfi,  p.  347,  and  R.  LMfamHm,  Zattacfer. 
pnkt  QeotoclB,  ItM,  p.  3U. 

•Locdt. 

*  Trana.  Roy.  Dublin  Soc.,  M  ter.,  voL  0,  ISBO,  p.  lOS. 
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O.  H.  Kiaahan,*  however,  describing  other  Irish  localities  where  the 
bauxite  is  assodated  with  iron  ores,  suggeste  that  the  mineral  was 
formed  hy  the  leadiing  action  of  oi^aoic  matter,  derived  from  Buper- 
incumbent  peat,  upon  ferru^ous  clays. 

In  the  United  States  the  chief  deposits  of  bauxite  are  found  in 
Georgia,  Alabama,  and  Arkansas.  The  Geoi^a-Alabama  field  has 
.been  principally  described  by  J.  W.  Spencer,*  H.  McCaUey,'  C.  W. 
Hayes,*  and  T.  L.  Watson.'  Spencer  regards  the  bauxite  as  a  deposit 
from  lagoons,  and  calls  attention  to  its  evidently  common  genesis 
with  ores  of  manganese  and  iron.  Under  this  interpretation,  which 
has  not  been  generally  accepted,  bauxite  becomes  the  aluminous 
equivalent  of  hog  iron  ore.  Hayes  notes  its  association  with  gibbsite, 
halloysite,  and  kaolin,  and  attributes  its  formation  to  heated  ascend- 
ing waters,  which  have  decomposed  pyrite  in  the  underlying  shales. 
Aluminous  solutions  were  thus  brought  to  the  surface,  to  be  precipi- 
tated by  carbonate  of  lime.  A  similar  intervention  of  sulphates  has 
been  su^ested  by  A.  Liebrich  •  and  others.  The  occurrence  of 
bauxit«  in  immediate  association  with  alunogen  on  the  upper  Gila 
River,  in  New  Mexico,  as  reported  by  W.  P.  Blake,'  gives  added 
emphasis  to  this  suggestion.  The  alteration  of  rhyoUte  to  a  quartz- 
alunite  and  a  quartz-diaspore  rock  in  the  Kosita  Hills,  Colorado, 
described  by  W.  Cross,*  may  also  have  some  bearing  upon  the  prob- 
Iwn.  As  for  the  Geoigia-Alabama  bauxite,  its  composition,  as  shown 
by  many  analyses,  approximates  to  that  of  gibbsite.'  The  latter 
speoiee,  it  m^y  be  observed,  was  prepared  synthetically  by  A.  De 
Scbulten,'"  by  passing  a  current  of  carbon  dioxide  through  a  hot  alkar- 
line  solution  of  aluminum  hydroxide.  Distinct  crystals  of  gibbsite 
were  thus  obtained. 

■Trans.UaacbsatciO«aL8o(!.,VD].  33,  I8M,p.  458.  InthssameTolame,  p.Ki4,aiul75eBoflclah1)Uizlles 
ij  W.  PeOe  tn  ^vtm,  and  then  la  atill  uioCber  paper  on  ths  salijnt  b;  Q.  Q.  Blackwgll,  p.  GIS.  The 
aialjsea  show  large  admlitum  ol  UtanJB  aiUa  la  Ihs  bauxite. 

•  Oecd.  Survey  Oeotgla,  The  Paleeoiolo  gioiip,  ISEO,  p.  2U. 
■  Oeol.  Samy  Abfaama,  pt  3,  lGe7. 

•Sixteenth  Ann.  Kept.  C.  S.  Oad.  Bnrre;,  pt  S,  U9G,  p.  S4T.  Bee  abo  Tiaits.  Am.  Inst.  Uln.  Eng.; 
UH,p.M3. 

•  Bun.  Oeid.  Sorve;  Oecsgb  No.  U,  leoi.  InBoILNo.  lS,lMg,F.  <30,  O.Veatoltdem^nbffi  thebauilt« 
of  WHUnson  Connty,  GMrgla. 

•  ZeitHhr.  prikt  Oeologle,  IWT,  p.  2U. 

r  Trans.  Am.  Inst.  UbL  Eng.,  vol. »,  18H,  p.  STS. 

•  Beventeenth  Ann.  Rept.  U.  B.  Oeol.  Survey,  pt.  1,  lEse,  p.  3U.  A  qnactfrBtanltarockln  Callfamla 
bBs  been  described  by  H.  W.  Turner,  Am.  Join.  3d.,  4th  ser.,  vol.  S,  ISOe,  p.  iH.  The  lame  mixture  of 
mlnenls  la  fmmdln  tho  mlnea  of  OoldOeld,  Navada,  acconUng  to  F.  L.Ransoma,  Soon.  Oeology,  vol.  1, 
1907,  p.  B73.    Sansome  also  reports  iDtergrowtha  of  BlimlteBuddlaapare. 

<SeeW.B.FhJmpeandD.Hancocfc,]'our.Am.ChBm.S(ic.,vDl.!0,imS,p.3aa.  Admixtures  of  kaolin, 
haUoj^te,  and  aaod  were  aoted.  Bee  also  Watson  bulletin,  loc.  cit.,  and  A.  E.  Hunt,  Trans.  Am.  Inst. 
Mln.Eng.,vol.24,lW4,p.gm.  Titanic oildalsalmcst Invariably praa]t,lnaoinecasearfBchingaslilgh 
as  S.BO  per  cent.  It  also  appeera  In  the  loralgn  bauiltea  alrwd;  mentioned,  and  In  the  Italian  bauxltis 
deacribedbyC.Formantl,  aau.chlm.ital.,val.33,pt.l,19ai,p.1£3.  On  Italian  bioxltes  see  O.  Ajdiino, 
La  bauxite,  Torino,  1M3.  Beprlnt  from  Baas^na  mlncrarto,  vol.  IG. 
H  Boll.  Boo.  nUn.,  vol.  19,  IWe,  p.  IE7. 

97270'— Bull.  616—16 32 
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The  bauxite  of  Arkansas  has  been  studied  by  J.  F.  WiUiams,'  J.  C. 
Branner,'  and  C.  W.  Hayes.*  According  to  all  of  theee  obsfovers,  it 
13  foirnd  in  Tertiary  areas  near  eruptive  syenites,  and  there  are  no 
limestonea  in  its  neighborhood.  Hayes  describes  two  varietieB  of  the 
bauxite;  one,  granitic  in  character,  shows  the  structure  of  the  sye- 
oito  from  which  it  waa  probably  derived ;  the  other  form  is  pisoUtic 
and  may  be  a  secondary  generation.  At  some  points,  according  to  . 
Branner;  the  bauxite  contains  so  much  iron  that  attempts  have-beeoi 
made  to  work  it  as  an  iron  ore.  The  granitic  bauxite  seema  te  repre- 
sent a  decomposition  of  the  syemte  in  place;  the  pisolitic  variety  was 
perhaps  precipitated  from  solution.  All  three  authorities  agree  in 
tracing  the  origin  of  the  bauxite  to  the  action  of  wattn^,  which  Hayes 
thinks  were  strongly  saline  or  alkaline,  upon  the  heated  syenites, 
but  they  differ  as  r^ards  the  details  of  the  process.  One  of  the 
Arkansas  deposits  is  near  Fourche  MountaJn,  and  it  is  interesting  to 
recall  the  fact  that  that  is  a  locality  for  elieolite  syenite.  Both 
^bsite  and  diaspore  are  known  as  decomposition  products  of  elseo- 
lite  and  sodalito,^  and  it  is  conceivable  that  the  two  last-named  spe- 
cies may  have  been  the  parents  of  the  bauxite  here.  Like  the  Georgia 
bauxite,  the  Arkansas  mineral  approximates  to  gibbsite  in  compo- 
sition.   It  also  contains  notable  amounts  of  titanium. 

Although  many  writers  have  regarded  bauxite  aa  a  distinct  mineral 
species,  having  the  empirical  formula  Alfiy2jlfi,  few  samplee  of 
it  have  exacUy  t^at  composition.  It  is  usually  intermediate  between 
diaspore,  A1,0,.H,0,  and  gibbsite,  Al,0,.3H,0;  but  is  sometimes 
near  one  and  sometimes  near  the  other.  It  seems,  in  fact,  to  be  a 
mixture  of  the  two  hydrates,  but  in  an  amorphous  couditioiL*  When 
solutionB  of  sodium  aluminate  are  decomposed  by  carbon  dioxide, 
only  the  trihydrato  is  thrown  down,  at  least  so  far  as  crystalline 
products  have  been  observed.*  The  ordinary,  precipitated,  gelat- 
inous hydroxide  has  the  same  composition,  according  to  E.  T. 
Allen;'  but  at  100°  it  loses  water  and  becomes  a  dihydrate.  The 
latter,  in  moist  air,  regains  water  readily — an  order  of  change  which 
rmders  its  occurrence  on  a  large  scale  as  a,  natural  mineral  highly 
improbable.    Even  if  a  dihydrate  were  formed,  it  would  speedily  be 


•  Tirait;.flnt  Ann.  B«pt.n.8.0sol.  Bumir.pt.  3,  UOI.p.UB.  Bw also  W.  J.  Itcail,  Kcoo.  OMlogy, 
Tol.  10,  ISlt,  p.  ». 

<BesB.J.Thn«ntt,NaDC8TBlub.,Ball.BBii(|g,18M,  p.«CD.  Also  W. C.  BrOggtr, Zdtsi^.  EcT>t.  Hln., 
TVL  IS,  ixe,  p.  SO. 

>  On  tha  h;dratk«i  of  benilte,  ne  dio  E.  Ueoaii,  Cbem.  Zeltang,  IMB,  p.  I2SD;  and  T.  B.  BoDuid, 
B«c.  aeai.Biim;lDdU,Tol.31,IWG,p.l7S.    HoUaudglvMaiialTBK.widloiHieorthemlbeTlOimcha 

•  Sw  D*  Bcbnltai,  tlrMdy  dtod.  Am  F.  Rusg,  Zettsrhr.  anorg.  Cbemle,  vol.  il,  im,  p.  2U,  Iv  namt 
■xperisMDU  and  a  mmmaiy  a(  the  work  dona  bj  tarlltr  invesUealon. 

'  Cbam.  Nawi,  TDl.  81,  igoo,  p.  7S.    Od  ttiis  n]b)aDt  tbace  U  a  wlnndiMiiii  UtamCDB 
data  an  TST  dlaoocitaat. 
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altered  into  something  more  nearly  resembling  gibbsite.  In  the  col- 
loidal fonn,  the  trih jdrate  often  contains  large  quantities  of  entangled 
water,  a  fact  which  accounts  for  many  discordant  observationa. 
According  to  J.  M.  ran  Bemmelen '  dtis  form  can  pass  over  into  the 
crystalline  modification  and  the  lattw  in- turn  may  become  amorphous. 
The  colloidal  variety  dissolves  to  a  greater  or  less  extent  in  water, 
but  is  readily  precipitated  from  its  very  unstable  solutions.  Pre- 
cipitated alumina  often  cont^ns  appreciable  quantities  of  carbonates, 
but  whether  they  are  chemically  combined  or  not  is  very  uncertain. 
The  basic  carbonates  of  aluminmn  described  by  various  authors  are 
eubstances  of  doubtful  character,  and  it  is  ther^ore  not  desirable  to 
invoke  thor  aid  m  the  interpretation  of  geol<^cal  phenomena.  This 
statemffiit,  however,  needs  qualification.  One  basic  carbonate  of  alu- 
minum and  sodium,  the  Tdre  mineral  dawsouite,  is  known  to  exist,  but 
its  genesis  is  undetermined.  There  is  also  the  rare  dundasite,  a  car- 
bonate of  aluminum  and  lead.  Although  rare  as  a  recognizable  sub- 
stance, dawsonite  may  be  common  as  a  diffused  ingredient  of  soils ;  but 
this  is  only  a  possibility.  There  is  no  evideuce  upon  which  to  base  the 
supposition.  Free  alumina,  or  its  hydrate,  is  found  in  soils,  espe- 
cially in  the  Tropics.  T.  Schl&sing,*  on  comparing  French  soils  with 
soils  from  Madf^ascar,  found  the  latter  to  contain  much  free  alu- 
mina, while  in  France  t^ere  appeared  to  be  chiefly,  if  not  exclusively, 
silicates.  Similar  observations  were  made  by  J.  M.  van  Bemmelen ' 
on  volcanic  soils  from  Java  and  Sumatra,  in  which  free  hydroxides 
of  iron  and  aluminum  are  abundant;  and  W.  Maxwell's  study  of 
Hawaiian  soib  *  leads  to  the  same  conclusions.  In  these  cases  the 
bauxite  or  laterite  substance  is  diffused  instead  of  being  concentrated. 
It  is  therefore  less  easily  recognized,  but  its  nature  is  the  same  as  if 
it  were  assembled  or  segregated  in  distinct  beds. 

Taking  all  of  the  evidence  into  account,  it  seems  dear  that  bauxite 
may  be  formed  by  more  than  one  process.  It  occuis  in  place,  like 
laterite,  as  a  residue  from  the  decomposition  of  rocks;  it  is  found 
also,  apparently,  as  a  precipitate,  and  sometimes,  like  any  other  prod- 
uct of  disintegration,  it  is  in  beds  which  represent  transported  mate- 
rial. In  the  last  instance  it  is  contaminated  by  mixture  with  sand 
and  clay.  Even  in  its  residual  or  primary  occurrence,  its  impuri- 
ties are  significant,  for  they  show  a  concentration  of  the  insoluble 
portions  of  the  oii^nal  rock.    The  titamiun,  for  example,  which 

>K«0.tnv.aIiim.,ToL  7,1888,  p.  7S.  Zeltaalir.aiiorg.Cbcad«,'7ol.  IS,  1998,p.l33.  On  the  colloid  ctiar- 
aoUr of  baozltg  9M  E.  mttlar  And  C.  Do«1Ur,C<inlnlbI.  Uln.,  Oeol.  u.  Pal.,  lau,  p.  IM:  and  A.  Lni,  £<dlold 
ZelBdn.,  Tol.  U,  ISK,  p.  Bl.  Atso,  wltA  n^rd  to  Cnatlui  tsuxlUs,  U.  EUpatlh,  Neaea  Jshrb.,  Bdl. 
Baiid34,igil,p.B13;aiidF.  Tiidui,idom,p.  101,ai]dCectialbI.Uln.,O<nl.ii.Fal.,  lM3,pp.65,  ME. 

•CampLScnd.,  Tol.  132,  leoi.p.  1203.  Aocordiog  to  E.  Olinka  (Zdtschr.  Kryst.  Uic.,  vol.  32, 1900, 
p.  79),tooUTiGonunoiily  oontainaadralxtures  of  alomlnum  hydioxldB,  Htmetlmai  as  dlaspore,  somotlniM 
appenntly  tauultB.    Baa  b1»  U.  O,  Edwardi  (Econ.Ofloloe;,  TDl.e,lftU,p.ll3)  cm  almninum  brdnOef 

•  Zdtschr.  anocg.  Cbunls,  vd.  U,  1«H,  p.  X6. 

•  L*TBa  and  Mrilt  o(  Uw  HiwBlIan  blandi. 
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was  first  observed  m  bauxite  by  H.  Sainte-Clajre  Derille,^  is  audi 
a  product  of  concentration;  and  it  is  found,  not  only  in  bauxite,  but 
in  nearly  all  reeidual  days.  It  is  possibly  present  in  some  cases  as  the 
hydrous  aluminum  titanate,  xanthitane,  a  mineral  which  is  known 
as  an  alteration  product  of  sphene. 

The  processes  by  which  aluminous  silicates  are  transformed  into 
hydroxides  have  not  been  detennined  with  certainty.  We  have  only 
probabilities  to  guide  us.  It  is  most  likely  that  in  many  cases  th« 
formation  of  acid  solutions  by  oxidation  of  pyrite  is  the  fiist  step 
in  the  alteration;  they  dissolve  almnina  from  the  rocks  to  yield  it 
up  again  upon  mixture  with  alkaline  solutions  or  solutions  of  cal- 
cium carbonate.  In  the  latter  case  gypsum  would  also  be  formed 
and  then  leached  away.  The  precipitation  might  occur  in  place, 
ahnost  contemporaneously  with  the  formation  of  the  almniaoua  solu- 
tions, or  the  dissolved  matter  could  be  carried  some  distance  before 
deposition.  Since  colloidal  alumina  is  soluble  in  water,  it  might  be 
transported  to  a  considerable  distance  before  coagulation  occtured. 
The  solution  of  alumina  from  the  rook-fonning  silicates  would  of 
course  be  accompanied  by  a  liberation  of  silica  in  a  colloidal  or  finely 
divided  form,  which  could  dissolve  readily  in  the  alkaline  matter 
of  the  groimd  waters,  and  so  be  removed.  In  volcanic  regions,  of 
course,  as  in  Java,  Sumatra,  and  Hawui,  the  acid  emanations  from 
volcanoes  doubtless  play  an  important  part  in  the  decomposition  of 
the  silicates  and  the  solution  of  almnina. 

The  agency  of  thermal  and  atmospheric  waters,  separately  or  con- 
jointly, must  also  be  considered  with  reference  to  the  formation  of 
bauxite.  "E.  Kaiser,'  studying  the  alteration  of  German  basalts, 
supposes  that  carbonated  waters  first  transform  the  aluminous  sili- 
cate into  hydrous  compounds,  from  which,  by  alkaline  solutions,  the 
alumina  is  thrown  down;  that  is,  the  process  consists  of  two  stages, 
an  intermediate  hydrated  silicate  being  first  formed.  Kaolinite 
is  such  a  silicate,  but  it  is  insoluble,  and  the  change  ends  with  ita 
formation.  Possibly  halloysite,  which  has  the  composition  of  kao- 
linite plus  water,  but  which  is  decomposed  by  acids,  is  such  an  in- 
termediate compound.  The  association  of  haUoysite  with  the 
Oeoi^ia  bauxite  is  suggestive  of  this  possibility;  but  alternatives, 
such  as  the  formation  of  zeoUtee,  must  also  be  taken  into  account. 
Any  relatively  soluble  or  unstable  siHcate  of  aluminum  *  would  ful- 

iA]uiateschlni.pbys,,3d3er.,Tol.si,lgai,p,3a).  Devllla also bttnd miadliim In baoille.  SMabo 
Hie  nftranins  to  *n(^s»  ol  bauxite  pT«vIoiml;  cll«d.  The  Klmoat  nnlveiml  distribution  cf  tltanlaiD  In 
ckn^eemi  to  hBTB  been  Srst  noted  b;  E.  Kllef,  Jour.  Cbem.  Soc.,  vol.  le,  1802,  p.  311,  and  ToL  IS,  1803, 
p.aST.    SeednF.  P.Dunnlngtan,Am.Jam.Sd.,3dser.,Tal.42,Uei,p.«l. 

tZflitsobi.  Dantoili.  gaal.  Oesell.,  vol.  w,  Uonatab.,  l«H,  p.  17. 

■  ItlipossIUa  th«t  »onia  ol  the  aappoaed  hrdrona  alllcaMe  ot  alamlnimi  wbloh  have  basn  d^BiafliBd  *ie 
merely  mliturea  of  calloldBl  silica  and  colloidal  alomina.  This  ia  claimed  h;  H.  Strenune,  CentialU. 
Uln.,  Owjl.  u.  F^.,  1908,  p.  eei,  1911,  p.  1^,  and  1914,  p.  SO,  tn  the  oasea  of  allophaiw,  halloysite,  and  mout- 
DurHloiille.  ThefrdeQnltenssgiu(Dmpaunds,oQthBothsihand,lsaf[lnnsdbr  8.J.Tluigutt,ldein,19U, 
p.  97,  and  1912,  p.  3G.  &eeal30lt.OanB,idGQi,1913,p.  S99,aiidiei4,p.M5.  Sevenlot these  mlnBiaU  have 
beenitadled  physically  by  E.  LJhreiBtein,  ZelIscIir.ano(g.ChGa]i^vid.lK^  1909^  p.fif^vlioMaqatlnMiti 
are  bvoiable  to  theli  Inteeilty. 
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fill  the  conditions  required  by  Kaiser's  hypothesis.  The  latter  has 
value  only  aa  a  su^estion,  and  it  remains  to  be  seen  whether  it  is 
possible  to  trace  the  transformatioil  of  an  igneous  rock  into  bauxite 
throu^  all  of  ite  stages.     So  far,  that  has  not  been  done. 

By  dehydration,  bauxite  passes  into  emery.  Emery,  therefore, 
may  be  regarded  as  the  metamorpbic  equivalent  of  bauxite.* 

ABSORPTION. 

In  any  study  of  the  phenomena  attending  rock  decomposition  it  is 
important  to  note  that  ibe  leached  products  can  r^ain  some  of  the 
substances  whi<^  they  have  lost.  Clays,  soils,  and  other  finely  divided 
mineral  matter  can  extract  acids,  bases,  and  salts  from  percolating 
solutions  and  in  doing  so  they  act  selectively.  As  a  role  a  soil  takes 
up  potash  more  readily  than  lime,  magnma,  or  soda,  and  retains  it 
tenaciously.  This  absorption  or  adsorption  of  potassium  compounds 
was  long  ago  observed  by  J.  T.  Way,^  and  the  phenomenon  has  since 
been  studied  by  many  olMervers.  R.  Warington '  found  that  hydrox- 
ides of  iron  fmd  aluminum,  particulariy  the  former,  were  especially 
active  as  absorbents,  and  most  so  in  the  presence  of  calcium  carbo- 
nate. That  is,  calcium  carbonate  csonverted  other  alkaline  salts  into 
carbonates,  which  were  more  easily  absorbed.  J.  Lemberg's  papers  * 
on  the  alteration  of  siJioates  are  rich  in  data  illustrating  the  reac- 
tions which  occur  during  absorption.  The  cases  studied  by  Lem- 
bei^  are  of  the  nature  of  double  decompositions,  in  which  a  silicate 
loses  one  base  to  a  solution  only  to  ti^  up  another.  The  recent 
inveetigations  by  H.  Dittrich  *  relate  to  changes  of  the  same  order. 
Saline  solutions  were  made  to  act  upon  decomposed  rocks  and  their 
changes  in  composition  were  observed. 

Double  decomposition,  however,  is  not  the  only  process  to  be  con- 
sidered in  this  connection.  Warington's  experiments  point  directly 
to  an  absorption  by  colloids,  namely,  the  colloidal  hydroxides  of  iron 
and  alumina.  According  to  J.  M.  van  Bemmelen,*  those  "hydrogels," 
as  they  are  called,  together  with  similar  hydr<^els  of  manganese 
and  copper  oxides,  show  a  marked  absorptive  power  for  salts  of  the 

1  See  A.  UeMch,  Zeltschr.  pnikt.  Ooidagle,  I8SG,  p.  27E. 

<  lour.  Boy.  Aei.  Son.  EnglaiKl,  toL  U,  mO,  p.  113;  TOL  U;  1810,  p.  129. 

>Toar.C)Nm.S<».,Tol.ai,  1SB8,  p.  1. 

•  Bea  BBpedBll;  the  memoli  In  Zef tscbr.  DMilMh.  geol.  Oesdl.,  ToL  28,  ISn,  p.  £19. 

'  Hlttb.  Or.  badlnh.  getA,  lamkaanatalt,  vol.  t,  1803,  p.  SSft;  Zeltschr.  onorK,  Chemic,  ToL  47,  IMS,  p.  Ifil. 
Tin  two  p*pcn  cover  the  swan  Ermmij  In  part,  bnt  are  not  sbgolaielf  Identicel.  A  lata-  pqm  hj  DUtilch 
lilnUitth.0i,bBdlsch.gMl.Lsiidesan9la]t,  Tol.£,1S07,p.l.  BeeEOso  J.DumoDt,Compt.Baiid.,v(d.ll2, 
IBOe,  p.  HB,  on  the  decompoeltian  oi  polasaium  (wlxniala  by  clay,  etc.,  and  0 ,  Schredner  and  Q.  R.  Fallyer, 
Bull.  Bur.  Soils,  No.  33,  U.  8.  Dept.  Agr.,  It06,  on  tbe  ateorptloa  of  phcaphorlo  add  and  potaab  b;  BoOi. 
fiuH.  Ho.a,  ISOBgOf  the  atmrn  Buraau,  b;  H.  E.  Panenand  W.  B.  Waggaman,  laagBoenldiBcussIonQt 
abKiTptloii  br  sails,  with  man;  nlBramss  to  lIlaKtura,  Bee  also  E.  O.  Parker,  Joitr.  Agrto.  Beseaieb, 
ToL  1, 1913,  p.  179. 

<Zflltschr.Bnorg.Cbemle,TaI.33,ieoO,p.321.  SeerapeciaUypp.358and  361.  An eariler pt^cr  bj Van 
Bemmelen  In  Landw.  VefaaGli».StaUmiin  (Barlin),  vol.  21,  p.  13S,  should  also  be  noted.  J.  E.  Banlx 
<Tanr.  PhysiwI  Cbem.,  vol.  18,  p.  3U,  tSH)  bas  shown  that  soils  and  kaolin  tiert  a  sekotlva  InOiMDce  In 
the  absaiptlonal  salts;  tlx  tnaia  being  raUliwd  and  the  adds  set  tree. 
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alkalies  aod  alkaline  earths.  There  are  also  colloidal complexee  of  ferric 
and  aluminic  Bilicates,  and  of  humus,  which  act  in  the  same  way. 
These  substances  act,  first,  as  ab&orbents,  in  some  manner  which  is  not 
dearlj  understood;  and  the  salts  which  they  take  up  can  react  later 
with  various  saline  solutions  by  double  decomposition.  When  the 
colloids  pass  over  into  crystalline  substances,  they  lose  in  great  meas- 
ure their  absorptive  capacity.  It  has  also  been  shown  by  Van  Bem- 
melen '  that  plastic  clays  have  the  greatest  efficiency  as  absorboits  of 
water,  nonplastic  clays  being  inferior  in  this  respect.  It  is  now  gen- 
erally believed  t^t  the  plasticity  of  a  clay  is  due  to  the  colloid  sub- 
stances which  it  happens  to  contain.  This  supposition  was  clearly 
stated  by  T.  Schldsing  *  as  long  ago  as  188S,  and  advocated  later  by 
P.  Rohlaud.'  It  has  recently  been  developed  more  fully  by  A.  S. 
Cushman,*  whose  experiments  upon  the  binding  powor  of  road-making 
materials  are  apparently  conclusive.* 


The  complete  disintegration  of  a  rock  is  commonly  .followed  by  a 
removal  of  the  fragmentary  material  from  its  original  aite.  The 
transported  producte  are  much  more  abundant  than  the  sedentary. 
This  transportation  may  be  effected  in  various  ways — ^by  flowing 
streams,  by  glacial  ice,  or  by  winds — and  it  is  accompanied  to  a  cer- 
tain extent  by  a  separation  of  the  rock  residues  into  substances  of 
different  kinds.  A  stream  deposits  its  load  first  as  coarse  gravel, 
then  as  sand,  and  finally,  often  with  extreme  slowness,  as  silt  or  clay. 
The  gravel  consists  morely  of  fr^ments,  more  or  less  rounded,  of 
the  original  rock  or  of  its  larger  inclusions.  The  sand  contains  finer 
particles  of  undecomposed  minerals,  with  quartz  usually  predomi- 
nating. The  silt  is  composed  largely  of  decomposition  products,  such 
as  kaolinite,  hydroxides  of  iron  or  aluminum,  and  the  like.  These 
substances  shade  into  one  another,  and  their  exact  nature  in  any 
specific  oase  will  depend  upon  the  thoroughness  with  which  the  pri- 
mary decomposition  was  effected  and  upon  mechuiical  factors  such 
as  the  velocity  of  the  stream. 

The  term  "sand"  is  vaguely  employed  to  denote  very  different 
substances.  Volcanic  sand,  for  example,  is  finely  divided  lava  or 
lava  spray;  coral  or  shell  sand  is  made  up  of  broken  corals  and 
shelb,  and  so  on.  Even  if  we  restrict  the  use  of  the  word,  for  present 
purposes,  to  the  granular  products  of  rock  decomposition  we  shall 

1  Zdtschr.  snorg.  Chemle,  vol.  <2, 19W,  p.  an. 

I  CUnila  Bgrlcold,  In  Fnxaj's  EncfctopAdJe  chimlqae,  p.  ST. 

■  ZeltKhi.  anorg.  Cfacmle,  vol.  41,  ISM,  33S. 

•  Bulls.  No.  85,  IBM,  uid  No.  BZ,  1905.  Sijr.  Cbemlstr;,  n.  8.  Dcpt.  Agr.iaDd  Tniu.  Am.  C«niiile  Soc., 
Tol.  6, 19M.    CuBhioan  dta  sevs&l  other  authorities  than  those  mectiwud  here. 

•  Sm  al»  F.  E.  Groat,  Jour.  Am.  Chem.  Boc.,  vol.  37, 190S,  p.  1037.  Grant  admits  that  colloldi  may 
■nlit  in  producing  plaatlclt;,  bot  thinks  that  "molecular  attraction  "  li  a  more  Important  emtt.  A  pt^wr 
t?  R.  Lnou  on  Uw  pbrdoal  pcDpcrtles  of  elari  appeared  In  Can tralbl.  Hln.,  Oeol.  n.  Pal.,  191)6,  p.  aa. 
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find  that  we  have  many  dissimilar  bodies  to  deal  with.  Quartz  and 
feldspar  are  the  commonest  minerals  in  the  rocks;  henoe  quartz  and 
feldspar  fragments  aie  the  chief  constituents  of  riTer  sands.  But 
the  feldspars  are  largely  decomposed,  and  therefore  the  sands  repre- 
sent most  frequently  a  concentration  of  the  more  stable  quartz. 
Sands  also  contain  the  other  rock-forming  minerals,  and  these  may  be 
either  disseminated  throughout  the  larger  deposits  or  segregated  he- 
hind  bars  or  in  hoUows  by  the  action  of  gravity.  The  black  sands 
of  many  well-known  localities  represent  concentrations  of  heavy  and 
slightly  alterable  ninerals,  such  as  magnetite,  ilmenite,  chromite,  etc. 
The  gem  gravels  of  Ceylon,  the  monazite  sands  of  North  Carolina 
and  Brazil,  and  similar  segregations  of  tinstone  all  serve  as  illustra- 
tions of  the  way  in  which  the  heavier  minerals  of  an  eroded  r^ion 
may  be  concentrated  at  favorable  points.  The  accumulations  of  gold, 
platinimi,  or  iridosmine  in  placer  deposits  are  other  examples  of  this 
mechanical  sorting.  It  is  merely  a  separation  of  heavy  from  light 
minerals,  the  stable  from  the  unstable,  and  the  coarse  from  the  fine. 
There  have  been  many  examinations  of  sands  from  a  mineralogical 
standpoint,  and  the  fact  that  they  contain  a  large  number  of  mineral 
species  is  well  established.  The  Bagshot  sands  near  London  contain, 
according  to  A.  B.  Dick,*  about  75  per  cent  of  quartz,  20  of  feldspaTj 
and  small  but  determinable  proportions  of  magnetic  grains,  zircon, 
rutile,  and  tourmaline.  In  river  sands  from  the  Mesvrin,  near  Autun, 
Prance,  A.  Michel-LSvy '  found  magnetite,  zircon,  olivine,  garnet, 
sphene,  chromite,  tourmaline,  and  corundum.  J.  Thoulet*  examined 
desert  sand  from  the  Algerian  Sahara  which  consisted  of  89.46  per 
cent  of  quartz  and  9.47  of  feldspar,  with  minute  quantities  of  mag- 
netite, chromite,  garnet,  ohvine,  amphibole,  pyroxenes,  calcium  car- 
bonate, sodium  and  potassium  chlorides,  and  clay.  In  a  glacial  sand 
from  the  Tyrol,  H.  Wichmann  *  discovered  quartz,  orthoclase,  micas, 
thorite,  epidote,  hornblende,  actinohte,  garnet,  zircon,  rutile,  tour- 
maline, hematite,  and  altered  pyrite.  J.  A.  Phillips"  found  the  red 
sands  of  the  Arabian  Desert  to  consist  essentially  of  quartz  grains 
coated  with  oxide  of  iron.  After  washing  with  hydrochloric  acid  the 
grains  contained  98.53  per  cent  of  silica.  Probably  the  most  elab- 
orate investigation  of  this  general  kind  is  that  by  J,  W.  Retgers  *  on 
t^e  dune  sands  of  Holland.  In  these  the  principal  minerals  are  quartz, 
garnet,  augite,  hornblende,  tourmaline,  epidote,  stauroUte,  rutile, 
zircon,  magnetite,  ilmenite,  orthoclase,  calcite,  and  apatite.  Subor- 
dinate species  are  {dagioclase,  microdine,  iolite,  titanito,  siUimanite, 

1  Oaidcicy  of  London,  to).  1,  ISffl,  p.  S13;  Nature,  vol.  3B,  ISST,  p.  BI. 

•  Bnll.  Boc.  mln.,  vtJ.  1, 1878,  p.  39. 
iMaa,Tal.t,im,p.ica. 

« IIlD.pet.  lUtt.,  vol.  7,  ISSe,  p.  <tl.    The  Kit  ol  minerals  found  by  W.  M.  BntcUnp  (0ml.  UMf.,  IBM, 

p.  MO)  In  Enftlsh  l&ke  sedbnenta  is  very  simllBT  to  this, 

•  QoarL  Jour.  G«oI.  Boc.,  vol.  3S,  1S92,  p.  110. 
*KeiHBJalirb.,laeS,  vol.  1,  p.  le;  Rec.  IrBv.cbiin.,  vol.  11,  iaS2,p.  16S. 
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olivine,  kyanite,  corundiim,  and  spinel.  The  quartz,  however,  formed 
90  to  95  per  cent  of  the  mixture.  A  heach  sand  from  Fensacota, 
Fla.,  analyzed  by  Q.  Steiger  in  the  laboratory  of  the  United  States 
Geolo^cal  Survey,  contained  99.65  per  cent  of  SiO,.  Many  sea  and 
river  sands  consist  of  nearly  pure  quartz,  pure  enough  to  be  used  in 
glass  making.  The  following  analyses,  by  W.  Mackie,'  represent 
sands  of  cUverse  origin  from  various  points  in  Scotland. 


Analytu  ofsandt. 


C.  AwBgeaIaTe^^ 
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L82 

^0                           

.70 

2.74 

1.30 

.60 

4.55 

98.43 

100.56 

100.01 

100.43 

99.64 

100.42 

Between  sand  and  silt  the  difference  is  partly  one  of  kind  and 
partly  one  of  degree.  SUt  consists  of  the  finer  particles  of  rock  sub- 
stance, which,  by  virtue  of  their  lightness,  are  carried  farthest  by 
streams.  This  difference  is  mechanical.  On  the  chemical  side  sand 
and  silt  differ  in  composition,  but  not  radically.  In  sand  quartz  is 
the  principal  mineral;  in  silt  the  hydroxides  and  hydrous  silicates 
predominate.  Neither  product  is  quite  free  from  the  other,  but  the 
distinction  holds  good  in  the  main.  The  separation  of  quartz  from 
clay  is  rarely  quite  complete,  but  is  often  approximately  so. 

Analyses  of  river  silt  or  mud  are  not  very  numerous,  nor  are  they 
always  comparable.  Some  samples  were  analyzed  after  drying  at 
100";  others  were  air  dried.    Furthermore,  silts  represent  blended 

I  TrBoa.  EdMbiush  Geol.  Boc,,  toI.  S,  IWl,  p.  00.  On  the  mfamrahigfcal  examlnatlop  ot  «<aid»  wt  »lw 
C  H.  Wsmm,  Tectmolosy  QubtL,  vol.  19,  leOS,  p.  317.  For  analyBSs  ot  American  glass  SBnda  see  BuH, 
U.  8.  Oeol.  SurvBy  No.  316, 1907,  pp.  376, 382.  A  Band  rich  in  fluorlla  la  found  at  St.  Itm  Bay,  Cornwall. 
See  T.  Crook  and  G.  It.  Davlea,  Oeot.  Uag.,  IMS,  p.  120.  On  the  compoeltitm  i>t  soil  partlclea  Ms  0.  B. 
TtHjfT,  1.  Q.  Bmlth,  and  B.  R.  Wade,  Bull.  Bur.  Bolls,  No.  »,  U.  8.  Depl.  Agr.,  IWS.  On  a-ita-la  Kr 
tlwrecoenltlonordUIerent  tjpeaol  sand  grains  see  W.H.Shernr,  Boll.  OeoL  Boc  Ama'laa,v<d.ai,lS10, 
p.e2S.  OnmhsralalnOhiosandaacoD.  D.  Condlt,Ioiir.  Oealoer.vaJ.  aa,p.  U3,1IIU.  On  ScottWi  Mndfc 
sea  T.  O.  Baawcrtb,  Oeol.  Uag.,  ISia,  p.  GIS. 
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mateiial,  gathered  by  a  river  from  various  sources  and  derived  from 
very  dissimilar  rocks.  Mississippi  silt,  for  iiwtance,  if  collected  near 
New  Orleans,  will  be  made  up  of  contributions  from  various  tribu- 
taries of  the  river,  and  these  may  be  quite  unlike.  A  region  rich  in 
femio  rocks  will  yield  sediments  rich  in  iron,  while  an  area  of  granite 
will  give  aluminous  residues.  Silts,  therefore,  are  by  no  means  uni- 
form in  character,  although  they  have  a  general  family  resemblance. 
The  following  analyses  are  enough  to  show  the  more  obvious  difier- 
eneea  and  similarities : 

Aru^$a  of$iUt. 

A..  Rlilae  BDt,  from  the  delta  Id  Ow  Lake  Ol  Comtaiice.  Anolyala  'bj  O.  Bfachof,  Lehrbuch  der 
abeintoehan  and  phyrifcaHwhcp  Oeologle,  3d  ed.,  toL  1,  p.  4BS.  Bbdurf  gives  otlKr  dataalaocamsmlng 
tthlna  dep«all». 

B.  DeuDbe  silt,  at  Vlrama.    Analysis  by  Blachof,  op.  cli,  Sll. 

C  Vbbila  sat,  at  Culm.   Analysis  b;  Blsclial,  op.  elL,  p.  SIS. 

D.  Nile  mud.  Analysis  by  C.  v.  John,  VartaandL  S.-k.  geol.  Bdchaanstalt,  ISSS,  p.  an.  See  sbu 
'toalyses  olted  by  0.  Bisaliot,  op.  clt,pp.  Gl»«31;  and  othen  oltad  by  L.  Bcrner,  fn  tvo  memoln  Phlloe. 
Ksg.,  «Uiacr.,rol.S,  185S,p.  4e8;Plillos.'TTaii9.,ToI.  148,lS5e,p.Sl.  In  Science,  vol. »,  1906,  p.  364,  tbcm 
kantaeompleteatialyslsbyC.E.BtoiieoIHlBSbHlpplsIlt  A muoh mowconiplelB snalyals by Q. Stalget b 
gtmnlnJoui.WBsbiDetonAcKi.  BcL.vol.  4,  p.E9,  ISM.  For  mademaualysescfslltlrom  the  Danube  and  Its 
Mbutarleasee  I.  F.  Wolfbauer,  Uonatsh.  Cfaemie,  ToL  4,  lSS4,p.  417,aDd  A.  Bchwager,  Oeognost.  Jabreatefte, 
_    F.Schueht(Iahrb.E.preuss.geoLLandeMii«Blt,TaLlG,  p.  411)  cites  *nalylBi(d  Elbe  silt  by 
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N&::;.."::::::::;::::::::::::::::::::::::;: 

so.  * 

iS  :::;:::;:::::::::::;;:::::::;:::::::::;: 

}  ■'• 

6  2.26 

23.21 

L66 

100.00 

100.00 

99.72 

100.47 

a  Loss  on  Ignition.  i>  Probably  IndudLig  alkoUes. 

The  higher  proportion  of  calcium  carbonate  in  the  silts  of  the 
upper  Khine  and  Danube  is  probably  due  to  glacial  mud  produced 
by  the  grinding  of  limestones.  The  Nile  mud  is  a  much  more  typical 
product. 

The  amoimt  of  sediment  carried  in  suspension  by  rivers  to  the  sea 
is  something  enormous.  The  quantity  deUvered  annually  by  the 
KGssissippi  to  the  Gulf  of  Mexico  is  estimated  by  A.  A.  HimiphreyB 
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and  H.  L.  Abbot  ^  at  approximately  812,500,000,000  pounds,  or 
about  370,000,000  metric  tons.  The  Nile,  according  to  A.  Ch^n,* 
carries  into  the  Mediterranean  51,428,500  metric  tons  a  year.  These 
quantities,  vast  as  they  are  and  sustained  by  similar  eetimatee  for 
many  other  streams,  represent  only  a  part  of  the  transported  sedi- 
ments. The  products  of  rock  decomposition  are  distributed  along 
the  entire  course  of  a  river,  and  what  proportion  is  delivered  to  the 
ocean  no  one  can  say.  The  fraction  can  not  be  very  large.  Upon 
reaching  salt  water,  however,  the  silt  is  quickly  deposited,  and  only 
a  small  part  of  it  is  carried  far  out  to  sea."  Salts  in  solution  accelerate 
the  deposition  of  sediments,  and  so,  too,  do  acids  and  alkalies.  In 
general,  this  precipitation  is  effected  by  electrolytes,  but  the  explana- 
tion of  the  phenomenon  is  still  obscure.*  Colloid  substances  also 
promote  sedimentation,  a  fact  which  has  many  practical  applications. 
The  clearing  of  coffee  by  white  of  e^  or  the  fining  of  sirups  by  blood 
or  gelatin  is  a  phenomenon  of  the  most  familiar  kind.  W.  Spring  * 
has  shown  that  the  organic  matter  of  natural  wateiB  is  incompatible 
with  iron,  the  two  substances  separating  out  as  a  flocculent  precipi- 
tate. One  part  of  colloidal  ferric  oxide  will  remove  ten  parts  of 
humus  from  solution.  The  use  of  alum  or  iron  salts  in  lai^e  filtration 
plants  is  an  apphcation  of  this  principle.  These  salts  hydrolyse, 
forming  partly  colloidal  substances.  The  organic  matter  or  humus 
of  natural  waters  is  itself  colloidal.  The  two  form  a  flocculent  pre- 
cipitate which  quickly  subsides  and  carries  down  with  it,  meohanioaUy 
inclosed,  even  the  finest  sediments.  The  remarkable  clearness  of 
swamp  waters  is  perhaps  due  to  the  flocculation  of  their  oi^anic  mat- 
ter and  the  consequent  precipitation  of  all  suspcHided  particles. 
Sedimentation,  in  short,  is  a  complex  phenomenon,  and  several  dis- 
tinct agencies  assist  in  bringing  it  about. 

iRepi>rtODph7iii8uiilh;dnulliSDf  UbslsstppIBlTn,  1gTB,p.  IW.  R.  B.  Doll  ind  B.  Btablec  (IT'S. 
Oeol.  Bnirey  WUei-fiupply  Paper  No.  234,  p.  B3,  leoB)  istlmaU  Ihe  lalal  sHUment  carrkd  to  UdnrBtor 
■mniaUy  br  the  riven  o[  tbe  llDlUd  Sta tea  u  £13,000,000  tons  of  3,000  poumls. 

>  Le  Va,  le  Sondui,  I'tgrptc,  1881,  p.  177. 

•  For  a  table  giving  the  amnunt  of  suspended  sediment  in  aea  inter  at  Tsrloua  points,  see  J.  Ifnmy 
BndS.IrrlDe,  Proc.Ror- Boo.  Edlnbuigb,  vol.  IB,  1880-91,  p.m.  Tbe  Atlantic,  Bv  exunple.  In  Utttnde 
51*90'N.,laiig[tadeSl'  W.,  carries  O.OKl  gram  of  aedlment  In  H  llleis,  or  1,004  tonj  pa  oablo  mlla.  In 
the  Flnh  ot  F«tJi  the  qoantlty  rlsa  to  O.tOS)  gram,  and  in  the  Bed  Sea  il  lUls  to  0.0006. 

•  Bee  C.  SchlMng,  Compt.  Rend.,  vol.  70, 1B70,  p.  134Gi  W.  H.  Brewer,  Am.  Jour.  ScL,  Sd  aer.,  ToL  ZH, 
USt.p.l;  C.  Banis,  Bull.  U.  S.  Qeol.  Sorrer  No.  3«,  ISSS;  Banuand  K.  A.  Bchneldn,  Zeltschr.  pbyalkaL 
Chemle,  vol.  B,  1801,  p.  2S9;  W.  String,  Rec.  tisT.  chlm.,  vol  IS,  IWO,  p.  S>H;  and  O.  Bodlinder,  Staa 
Jahrb.,  1903,  Band  2,  p.  147.  Bee  alw  T.  B.  Uunt,  Proo.  Boston  Soc.  Nat.  Ulst.,Tol.  IB,  lS74,p.3ai; 
W.  Ramsay,  Quart.  Joai.  Oeol.  Soc,  vol.  32, 1876,  p.  139;  I.  loly,  Froc.  Roy.  Dublb  Soc.,  vol.  9, 1000, 
p.  32S;  L.  F.  VemoD-Banwurt,  Free.  Inst.  Or.  Eng.,  toI.  143,  lOOO,  p.  173;  and  J.  Tbonkt,  Annalca  del 
minea.Btb  aer.,  vol.  19, 1891,  p.  S. 

•  Bull.  Acta.  ray.  icL  Belgiiue,  3d  ser.,  voL  34, 1897,  p.  51& 
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OI.ACIAI.  AND   BESXDUAI.   CIATS. 

Between  the  silt  fonued  by  the  decay  of  rocks  and  that  produced 
by  glaciers  there  is  a  radical  distinction.  The  one  is  termed  by  T.  C. 
Qiamberlin  and  R.  D.  Salisbury  •  rock  rot;  the  other  is  rock  flour. 
One  has  been  produced  by  a  thorough  leaching  of  the  rocks  undw 
atmospheric  ^enciee;  but  glacial  mud  is  composed  of  material  which 
was  ground  to  powder  under  conditions  that  protected  it  in  some 
measure  from  the  oxygen  and  carbonic  acid  of  the  air.  The  latter, 
therefore,  has  retained  a  larger  proportion  of  soluble  matter  than  the 
former.  These  differences  appear  in  the  following  analj^ses,  mode  by 
Kiggs  in  the  laboratory  of  the  United  States  Geological  Surv-ey,  and 
cited  by  Chamberlin  and  Salisbury  in  the  memoir  mentioned  above. 
With  them  I  give  two  analyses  by  W.  Mackie  *  of  bowlder  clay  from 
Scottish  localities. 

AnalyKt  of  dayi. 

(1)  KaUiuiT  daya,  dried  U  im*: 

A.  From  Dodserllle,  Wfaooialn,  4  feet  below  surboB. 

B.  Th<  same,  gj  fe«t  belov  inrboe. 

C.  Fnm  Cobb,  Wboansfai,  4|  t«t  below  Bortooe. 

D.  Tta«  name,  8}  (eet  below  mrtttx. 
(J)  aiadal  or  ditR  cIsts: 

B,  7.  Fnin  UDwMikee.    Dried  at  100*. 
a,  H.  Soottbh  bowlder  CUn,  lOoUe. 


A 

B 

c 

D 

E 

F 

0 

H 

giO,                    ..  .. 

7LI3 
12.60 
5.52 
.45 
.38 
.85 
2.19 
1.81 
463 
.45 
.02 
.04 
.43 
.19 

49. 6» 

18.64 

17.19 

.27 

.73 

.93 

.80 

.93 

10.46 

.28 

.03 

.01 

.30 

.34 

49.13 

20.  OS 

11.04 

.93 

L92 

L22 

L33 

L60 

1L72 

.13 

.04 

.06 

.39 

1.0» 

53.09 
2L43 
8.63 
.86 
143 
.95 
1.45 
.83 
10.79 
.16 
.03 
.03 
.29 
.22 

40.22 
&47 
2.83 
.48 
7.80 
16.65 
.84 
2.36 
L95 
.36 
.06 
rrace. 
18.76 
.32 
.13 
.06 

4&81 
7.54 
2.53 
.65 
7.05 
1L83 
.92 
2.60 
2.02 
.45 
.13 
.03 
16.47- 
.38 
.05 
.04 

80.13 
9,06 
}2.« 
.50 
.72 
.66 
2.08 
'•4.11 

pSoV- ■."■.■.'.■.-■..  ■.■.■..■ 

>^-: 

F^' 

^ ":::."::.::.:. 

168 

^:::.::::::::::::. 

So 

Ro::::::::::::::::: 

.14 

ifiiS 

s^   

cr.......... ;..;:::: 

100.39 

100.50 

10a68 

100.09 

ioa27 

100.50 

90.84 

100.20 

a  Loss  on  IgnltlaD.   Uost  lochide  COt  and  organic  matter. 


iBlxth  Ann.  Rfpt.TT.  8.  Oeol.  8amy,18ffi,pp.21»-25D.    Acoordliig 
catton}  the  day  tiOQi  Dodgeiille  b  really  looslal,  and  the  two 
diBgnoda  appeara  to  be  dlfflcolt. 

>  innt.  Edlnbargh  OeoL  Boc.,  ToL  S,  ISOl,  p.  <I(L 


B.  Weldmau  (prirata 
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In  the  two  Wisconain  clays  the  carbonates  represent  magnesian 
limestone.  The  Scottish  clays  had  evidently  a  different  parentage. 
Glacial  clays  often  contain  carbonates,  which  are  rarely  conspicuous 
in  rock  residues.'  Even  residual  soils  derived  from  the  decay  of 
limestones  are  practically  free  from  carbonates,  as  the  subjoined 
analyses  show.  The  residues  are  merely  clay  or  silt  entangled  with 
the  limestone  when  the  latter  was  laid  down  and  released  by  its 
solution. 

Analyiei  o/retidual  elayi. 

A.  SffiEdnal  clay  from  wHSIIed  Trenton  llnuBtme,  Leilngtini,  Vligtnlo.  AnalTiiB  by  R.  B.  Rlg^ 
Deeta^bM  by  I.  C.  RnaseU,  Bull.  U.  S.  Oesl.  Surrey  No.  S2, 188S.  Biuaellcspacdall;  diacussn  the  oau»  o[ 
nd  ooloTatlon  In  clsya.  On  thli  SQb]«>t  nee  also  W.  O.  Ciosby,  Am.  Qfologist,  ToL  S,  IBBl,  p.  T2;ana'W. 
Spring,  Sea.  trav.  ohlm.,  vol.  17, 1888, p.  202. 

B.  RcBldual  cUy  tiam  llmcetone,  Blatmtim,  Virginia.    Analysis  by  aearEe&Ml£ar,U.a.aeaL5iirvey. 

C.  RaldiulclayIromKnoidoloinite,Mi)rrbTl11e,AIabama.  Analjeleby'W.F.Hlllebtand.  Dewrfbed 
by  Russell,  op.  clt. 


A 

B 

c 

sio 

4a  07 
26.07 

icie 

66.90 
19.92 
7.30 
.39 
LIS 
.60 
.23 
4.79 
2.54 
«.52 
.20 
.10 
.38 

.03 
.63 
L20 
2.50 

}l2.88 

K.'.v:::: : ;: 

Tio,                  

s 

c6, 

100.64 

99.95 

9ft  84 

I  Innnmcnble  onalyan  of  clays  and  solla  have  been  made  for  aericulCural  and  other  Industrial  ptnpcoes 
S0nval  Blatas  have  Isned  special  reports  upon  their  clay  Industrlce.  Among  the  reports  of  geological 
surveys  are  those  vt  Connecticut,  Bull.  t!o.  4,  IBOG,  O.  T.  Loughlin;  New  Jarmy,  IKK,  O.  B.  Cook;  New 
Jener,  vol.  S,  1904,  E.  Klas  and  E.  B.  Kflmmel;  Maryland,  voL  4,  pp.  2«a-£a3,  Rln;  Vligbila,  BulL  No. 
11,  ISOe,  Rim;  Wat  Virginia,  vol.  3,  IMS,  O.  P.  Orlmsley;  South  Carolina,  Boll.  No.  !,  4th  »ar.,  1904,  E. 
BleaniOeorgla,  Boll.  No.6A,1SSS,  Q.  E.  Ladd;  Alabama,  Bull.  No.fl,  I90O,Rle9;  WlMamhi,BuU.No.7, 
1901,  E.  R.  Buckley;  Ulssoutl,  vol.  11,  1896,  H.  A.  Wheeler;  Indiana,  TweDty^iinth  Ann.  R^t.,  I9DE, 
W.  8.  Blat^ley;  Iowa,  vol.  M,  1904,  S.  W.  Beyer  and  I.  A.  Williams;  Wlsoonaln,  Bull.  No.  U,  IHM,  Rha. 
Bee  also  the  volumes  on  chmnlcal  analysn  published  by  the  geological  surveys  ol  Pennsylvania  and  Kcn- 
tuoky:  Bull.  New  York  State  Uos.,  vol.  3,  No.  12,  ISBS,  RI«:  and  Bull.  U.  S.  OwL  Survey  No.  23S,  pp. 
til-S70.  Rte,  Blxtfonth  Ann.  Rcpt.  U.  S.  Geo).  Burvey,ISe5,pp.  £S4-ST4,elv«BloDgableolaiulys(B 
of  Americaa  ola^,  and  a  general  report  by  Rta  forms  I^f.  Paper  11  of  tbe  Survey,  1903.  Bull.  U.  8. 
OeoL  Survey  No.  ua,  ISBfl,  by  J.  C.  Brannac,  Is  a  biMiogiBphy  of  clays  and  cOTamios,  The  American 
Cfvamjc  Society  has  since  (I9DS)  published  a  mote  elaborate  bibllogtaphy  by  the  same  author.  Oeology 
of  North  Caroltaia,  vot.  1,  iSTS,  oontabu  much  material  on  soils,  and  so,  loo.  do  the  volumes  on  cotton  pro- 
duction published  by  tbe  Tenth  IJ.  B.  Cenaua.  The  literature  regarding  solla  la  tc»  volumlnoua  to  admit 
of  any  summary  here.  Recant  papers  of  intarast  are  thoee  by  N.  Slblrtiew,  Compt.  rend.  VXt  Cong. 
lnt«mat.  e&it.,  IS9T,  p.  73,  on  the  soils  of  Russia,  and  by  W.  Fnar  and  C.  P.  Batstle,  Jour.  Am.  ChoiD. 
Soo.,  voLJS,  1903,  p.  5.  Work  by  SchltlBlng  and  Van  Bammelan  on  tropical  soils  has  already  bam  died. 
W.Uairell  (Lavas  and  soils  ol  the  HawaUan  Islands,  Honolulu,  1898)  and  A.  B.  Lyms  (Am.  Jour.  Sd., 
4th  an.,  vol.  2, 18M,  p.  421)  Iiave  abo  oontrlbuted  to  this  phase  of  the  subject.  On  the  oonsUtiittan  <a 
aiable  soils  see  L.  Cayeux,  Ann.  Soo.  gtel.  du  Nord,  vol.  34,  iwe,  p.  14e.  On  the  origin  and  nature  of  boQs 
see  N.  8.  Bhaler,  Twelftli  Ann.  RepL  U.  B.  Oeol.  Burvey,  pt.  1,  IB91,  p.  218.  On  luUer^  earth  see  T.  W. 
Vaughan,  Bull.  U.  8.  Oeol.  Survey  No.  213, 1903,  p.  3S2,  and  J.  T.  Porter,  BuU.  No.  315,  IBOT.p,  36S.  On 
tolls  In  general  see  E.  W.  Bllgard'g  treatbe  "  Boils,"  puhUsbed  in  1906. 
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Id  its  chemioal  composition,  the  widespread  earthy  deposit  knovn 
as  loess  closely  resembles  the  glacial  clays.  It  commonly,  but  not 
invariably,  contains  much  calcium  carbonate,  and  the  same  ia  true 
of  the  related  or  perhaps  identical  adobe  soil  of  the  more  arid  regions 
in  our  Western  States.  The  more  striking  peculiarities  of  the  loess 
are  its  light  color,  its  extremely  fine  state  of  subdivision,  the  angular- 
ity of  its  particles,  its  lack  of  stratification,  its  coherence,  and  its 
porosity.  Furthermore,  the  fossils  found  in  loess  are  almost  without 
exception  the  remains  of  land  animals,  which  indicate  that  it  can  not 
be  a  deposit  from  permanent  waters. 

Over  the  origin  of  loess  there  has  been  much  controversy,  but  the 
subject  is  one  that  admits  of  only  the  briefest  summary  here.  The 
prevalent  view  is  essentially  that  of  F.  Eichthofen,'  who  interprets 
the  loess  of  China  as  an  eolian  formation.  In  the  arid  regions  of 
central  Asia  the  products  of  rock  disintegration  are  sorted  by  the 
winds,  and  the  finest  blown  dust  finally  comes  to  rest  where  it  is 
entangled  and  protected  by  the  grasses  of  the  steppes.  Temporary 
streams,  formed  by  torrential  rains,  assist  in  its  concentration  and 
bring  about  accumidations  of  loess  in  valleys  and  other  depressions 
of  the  land.  According  to  I.  C.  Russell,'  the  adobe  of  the  Great 
Basin  is  formed  essentially  in  this  way,  and  the  sediments  deposited 
in  the  so-called  "playa"  lakes,  whose  beds  are  dry  during  a  great 
■  portion  of  the  year,  consist  of  this  material.  The  adobe  contains  the 
finer  products  formed  by  subaerial  erosion  of  the  mountain  slopes, 
and  may  be  commingled  sometimes  with  dust  of  volcanic  origin.  The 
loees  of  the  Missouri  and  upper  Mississippi  valleys  is  given  nearly  the 
same  interpretation  by  C.  R.  Keyes,*  only  in  this  case  the  dust  is 
formed  from  river  sUt  left  on  the  dried  mud  banks  in  times  of  low 
water.    " 

The  loess  of  Iowa  is  regarded  by  W  J  McGee  *  as  a  glacial  silt, 
deposited  along  the  mai^ins  of  glaciers  during  the  glacial  period, 
W.  F.  Hmne,'  studying  the  Russian  loess,  described  that  also  as 
glacial  silt,  distributed  partly  by  winds  and  partly  by  floods.  C. 
Davison  *  considers  loess  to  be  a  product  of  glacial  erosion,  accumu- 
lated first  in  banks  of  snow  and   concentrated  later  in  the  valleys 

iCtllna,ToLl,p.74;OwLlC«g.,lS8Z,p.2BT.  SwalBoR.  Pnnipelly,  Am.  Jour.  Bcf-jadss-.,  vol.  17,1879, 
p.  133.  For  amlysv  of  Chlnwe  iMra  B«a  A.  Sdnngar,  Oeagnoat.  Jahnohsfte,  18H,  p.  B7.  For  Oeintan 
1(M»,  H.  O.  Schsliig,  lasng.  Visa.,  Frefboig,  ID09.  For  South  Amedcan  loss,  E.  H.  Dacloiu,  Her. 
ICiBio  dfl  la  Flats,  vol.  IE,  ICOS,  p.  162.  Ths  loess  of  Aigcotlna  bia  bwo  studied  bj  P.  Warling,  Jnaag. 
DisB.,  FnlbuTK,  1911.    Other  Bnalfsn  of  lo«as  an  to  be  fbuQdln  the  older  treatises  of  BbdiotBiid  Roih. 

•  OeoL  Vag.,  ISSB,  pp.  ZgO,342. 

>  Am.  Jour.  Sd.,  1th  an.,  voL  fl,  18K,  p.  in.  ■  Eeya  describes  tbe  a-att  storms  of  the  Mlraourl  Valley, 
In  vhidi  great  quaDtitles  cf  aerial  eedlmaiti  are  Mrrled  from  place  to  place. 

•  Eleveoth  Aon.  Rt^t.  U.  S.  Oeol.  Sorrar,  pt.  1,  IWl,  pp.  391,  Oi.  See  abo  F.  Leverett,  Uoil  C  B. 
Gael.  Survey .  voL  38,  IS99,  pp.  1U-IS4,  For  an  account  al  lowan  loeas.  Theloesi  olcolnado  Is  dwerftied  bj 
S.  F.  Bmmom  in  Mod.  V.  8.  Oei^  Survey,  vol.  27,  ISSe,  p.  HO. 

>Oei>LUBg.,189Z,p.&4B. 

•  (tuart.  Jour.  Oeol.  3oc.,  toL  SO,  18M,  p.  ax  ,^  ■ 
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by  the  niah  of  water  following  a  thaw,  T.  C,  Chamberlin  •  is  inclined 
to  combine  the  various  theories  concerning  loess  and  to  r^ard  it  as 
both  glacial  and  eolian.  Here,  again,  as  in  so  many  other  instances, 
we  must  remember  that  similar  products  may  be  formed  in  several 
different  ways.  The  loess  of  Chiua  may  be  one  thiug  and  that  of  the 
Mississippi  Valley  another.  They  are  alike  in  their  extreme  com- 
minution but  not  necessarily  identical  in  origin. 

A  microscopic  examination  of  loess  from  Muscatine,  Iowa,  by  J.  S. 
Diller,*  showed  that  quartz  was  its  most  abundant  constituent. 
Orthodase,  plagiodase,  and  hornblende  were  also  present,  with  occa- 
sional fragments  of  biotitia  and  tourmaline,  some  carbonates,  and  clay 
colored  by  oxide  of  iron.  Chemical  analyses  of  loess  seem  not  to  he 
Tory  numerous.  The  following  were  made  in  the  laboratory  of  the 
United  States  Geological  Surrey: 

Artalysei  of  loeu. 

A.  H«at  Oilena,  minals. 

B.  Utai  Doboqne,  Iowa. 

C.  Vtckiburc,  UbsteslppL 

D.  KanaaaCltrjlfbNDri.    AnaljrgesA  taDbjtR.B.  RIgp.    DIinUBtd  by  T.  C 
BiUibiir7,81xUiAim.ltept.U.S.a«oi.Si]rTpy,lS85,p.2S3.    Bampka  dried  at  100*. 

E.  CbeyenDe^  Wyoming. 

F.  Drum,  Colondo. 
Highbol,  Calorado.    AnslTses  E  lo  Q  by  L,  Q.  E&klra.    DtMosacd  by  S.  r. 


Geol.  Survey,  vol.  J7, 1896, 

p.  J83,  together  with  a. 

Teralothei 

eiamplra. 

A 

B 

C 

D 

£ 

T 

" 

SiO. 

64.61 
10.64 
2.61 
.51 
.06 
3.69 
5.41 
1.35 
2.06 
2.05 
.40 
.06 
6.31 
.13 
.11 
.07 

72.68 
12.03 
3.53 
.96 
.06 
1.11 
1.59 
1.68 
2.13 
2.50 
.72 
.23 
.39 
.09 
.51 
.01 

60.69 
7.95 
2.61 
.67 
.12 
4.56 
8.»6 
1.17 
1.08 
1.14 
.52 
.13 
9.63 
.19 
.12 
.08 

74,46 
12.26 
3.25 
,12 
.02 
L12 
1,69 
1.43 
1.S3 

.09 
.49 
.12 
.06 
.05 

67.10 

10.26 

2.52 

.31 

"*i.'24' 
5.88 

i^ 

5.09 

69.27 
13.51 
3.74 
1.02 
Trace. 
1.09 
2.29 
1.70 
3.14 
4.19 

F^' 

Q^ 

kjS: 

So 

So,. 

P,0. 

.11 
3.67 

.45 
IVace. 

^v.;..:....;.::::: 

sb'!^'' 

or;:;:::::::::;::: 

100.06 

100.22 

99.62 

99.83 

100.28 

100.40 

100.16 

The  following  analyses  of  adobe  soil  were  made  in  the  laboratory  of 
the  United  States  Geolo^cal  Survey,  by  L,  G.  Eakins. 


■  Joor.  Oeolngy,  Tol.  S,  IKI7,  p.  TBG.    See  (bo  T. 
V.  B,  Qeol.  Survey,  ISSS,  p.  ^0. 
I  Bun.  U.  8.  Oeol.  Survey  No.  ISO,  IWS,  p.  BE. 
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Analytt$  o/  adobt  iM. 
L.  Bait  Laka  Cttjr,  Utah.   B.'  Santa  ?e,  N«w  Uexkn.   C.  ?ort  Wtn^le,  Knr  ICaxloo.   D.  BmnboUt, 


8iO, 

Al^O. 

Fe,0, 

uSo: 

MffO 

c»o 

Na,0 

Kfi 

H,0 

SS:::::::::::: 

Or^nicDUttra. 


1.09 
Trace, 

2.76 
38.94 
Trace. 
Trace. 

1.67 


36.40 
Trace. 

Trace. 
2.26 


44.64 
13.19 
6.12 


The  extremely  variable  but  generally  calcareous  nature  of  these 
8oi]s  is  sufficiently  indicated. 

MABINE    SEDIMENTS. 

The  oceanic  sediments  are  naturally  complex,  for  they  are  derived 
from  the  most  varied  sources.  Near  shore  are  found  the  products  of 
wave  erosion,  the  silt  brought  in  by  streams,  remnants  of  shells  and 
corals,  and  organic  matter  from  seaweeds.  In  some  localities,  as 
around  coral  islands,  the  debris  consists  chiefly  of  calcium  carbonate, 
and  that  compound,  as  shown  in  a  previous  chapter,'  is  also  formed 
as  a  chemical  precipitate. 

Floating  ice,  the  remnants  of  polar  glaciers,  deposits  more  or  less 
fit(my  material  in  the  warmer  parts  of  the  ocean;  and  volcanic  ash, 
from  either  submarine  or  subaerial  eruptions,  covers  lai^  areas  on 
the  bottom  of  the  sea.  Eveu  cosmic  dust,  which  has  been  gently  fall- 
ing throughout  all  geologic  tune,  has  made  perceptible  contributions 
to  the  great  mass  of  oceanic  sediments.' 

Notwithstanding  the  diversity  of  these  deposits,  their  distribution 
is  not  entirely  fortuitous.  River  silt,  for  example,  is  an  important 
oceanic  sediment  only  in  a  belt  surrounding  the  continents  and  com- 
paratively near  shore.  In  relatively  small  amoimts  it  is  diffused 
through  aU  parts  of  the  ocean,  but  beyond  a  certain  limit  its  influence 
IS  smalL  "Hie  yellow  silt  of  the  Chinese  Sea,  worn  by  the  Chinese 
rivers  from  erosion  of  the  loess,  may  be  observed  as  much  as  a  hun- 
dred miles  from  land,*  and  the  turbidity  of  the  Amazon  is  evident  in 


■  Sm  p.  in,  ante. 

■  BeaT.  yutrajand  A.  Kcnard,  Proo.  Roy.  Boc.  Edinbnrfh,  t 
'  B.  PninpaUr,  Am.  Jour.  Sd.,  adaer.,  voL  IT,  isn,  p.  133. 
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the  ocean  at  still  greater  distances;  but  the  larger  part  of  the  deposits 
thus  formed  are  laid  down  in  Telatively  shallow  water.  Glacial 
d6bm,  of  coarse,  occurs  only  near  glaciers  and  along  the  tracks  fol- 
lowed by  iceborga.  Certain  oceanic  areas  are  characterized  by  sedi- 
mento  of  organic  origin;  and  in  the  deepest  abysses  of  the  ocean  ita 
floor  is  covered  by  a  charaoteristio  red  clay.  These  Taried  deposits 
shade  into  one  another  through  all  manner  of  blendinga,  and  yet 
they  are  distinct  enough  for  purposes  of  classification. 

^  their  great  volume  upon  Deep-sea  deposits,  Murray  and  Kenard  *■ 
adopt  a  claastflcation  which  ia  perhaps  as  good  as  any  yet  devised. 
The  following  table  shows  its  character  and  also  the  distribution  in 
depth  and  area  of  tJie  several  sedim^its  named. 

Mean  depth  and  area  covered  by  marine  tedimenU. 


HCAn  d^th,      Ana,  >4iiai« 


Terrigenoua  depoeita. 


Coral 

Coral  sand 

Volcanic  mud — 

Green  mud 

Green  sand 

Hed  mud 

Blue  mud 

Pteropodooze 

Globigeiina  ooze. 

Diatom  ooze 

Kadiolariaa  ooze. 
Eedday 


449 
623 

1.411 
1,044 
1,996 
1,477 
2,894 
2,730 


860,000 
100,000 

14, 500, 000 
400,000 

49, 520, 000 

10,8SD,O0O' 
2,290,000 

&1,SOO,000 


For  these  various  products  mtmy  analyses  are  given,  and  from 
among  them  a  few  may  be  cited  here.  The  red  clay  which  covers  the 
largest  areas  is  regarded  by  Murray  and  Benard  as  derived  from 
the  decomposition  of  volcanic  ejectamenta.  The  several  oozes  owe 
their  names  to  the  remains  of  living  creatures  which  they  contain, 
and  calcium  carbonate  is  one  of  their  important  constituents.  The 
distribution  of  calcium  carbonate  according  to  depth  was  discussed 
in  a  former  chapter '  of  this  work,  together  with  the  composition  of 
the  peculiar  manganese  and  phosphatic  nodules  which  are  often 
found  in  great  numbers  in  the  deeper  parts  of  the  sea. 


..Gtra'^lr"''* 


THE  DBCOMPOMTION  OF   EOCE8. 


Analj/tet  qfwarmt  MeHmmti. 


A.  R«d  <^.   Twaity-thr«*  ai 


tm  by  J.  B.  Bmlv  an  tabalalid  aapacalWof  Dip  i«  dtgcatta, 
m  tha  portlona  xdubla  and  tnaolubl*  tn  ti; drocblorli:  acid.   Some  trf 
ttuM  snalrHa  diow  ealehini  carbcnate  op  to  N  pir  omt;  tha  ma  nkatad  htm,  h  rduwgntfaig  a  mar* 

B.  Badk^iian  mb*.    Rich  fa  iQloaoiu  ocfanknu.    Analyala  by  Brailar,  p^e  iSS. 

C.  Dfatonaaca.    Ridi  In  •flkaoua  iriaiiinBa.    Analyria  by  Biwlv,  p^«  US. 

D.  OloblitrliiaaHB.    TmUy-auaiia]yHa*nglTHi(Mi|ia(Baift.    Ajulynia by  Biaildi,  Nil.  43,  ibowliig 


B.  alobiitrlii*  oon.    Aaalysta  by  Biailir,  No.  SS,  ihcnrtnc  my  h^  oarbokato. 

F.  FtHOpod  ooca.    AoalyBli  by  Btuki,  paga  448. 

All  ampin  dried  at  110°  prevlou  to  ooalyil*-  ThaaohiblaandbiaaiublapcitlcnatnBDalyais  A,  B,aiid 
D  ars  not  aepanted  In  tba  CoUowhig  labia. 

Bcealso  J.  fi.  Hairtacn  and  A.J.  Joktt  Brown,  Quart.  Jmr.  OeoL  Stic.,  vol.  £1,  IMS,  p.  IIS,  In  other 
analyaea  <rf  nid  clay  and  Oceania  ooiee.  For  14  raoeot  analyaai  dred  day,  sea  W.  A.  Caaparl,  rrac  Roy. 
-      -"■  ■      li,  vol.  30,  Win,  p.  181 


Ignitum.. 

Sa 

AlA 

FbjO, 

MnOj.... 

CaO 

MgO 

OaCO,.... 


31.71 
11.10 
7.08 
Tnce. 


MgCO, 

Insoluble  ^ 


.41 

.12 

19.29 

37.51 

.41 

2.80 

.29 

.29 

1.13 

1.13 

4.72 

100.00     100.00    100.00     100.00     100.00 


a  Containa  bUIcb,  alumina,  a 


-le  oxlda,  not  saparatad. 


a.  Bloemad.   Anatyda  by  J.  S.  Biailv,  page  MS. 
B.  Red  mud.    Analysla  by  U.  Eomimg,  page  41S.    Dried  at  100*. 
L  Oraaik  mud.   Analyele  by  Bnuler,  pace  440. 
f,  Qnta  land.    Aoa^sis  by  Braifa-,  page  4W. 
E.  Volcanlo  mod.   Analyela  by  Brailer,  page  4S0. 

Ana]yacBOtoI£r(iH«ent"tsTlgeDaaa"dvaBita.    Bmlar'aBamplaainnalldriedatlli 
and  Inanluble  pntkoi  are  here  united. 


a 

B 

I 

J 

E 

5.60 
64.20 
13.55 

8.38 

6.02 
31.66 
».21 
4.62 

3.30 
31.27 

4.08 
12.72 

0.10 
29.70 
3.25 
5.05 

MnO' 

ffi:;;;::;;v;:::::::::;::::::;:::: 

2.51 
.2S 

26.68 
2.07 
1.63 
1.33 

""."27" 
17.13 
2.46 

.30 

.12 

.22 
.13 

2.94 
1.39 
.42 

.76 

46.36 
.70 
.58 
.57 

49.46 

Tiace. 

1.07 

2.02 

o^" 

MirfJo;    

so:  ' 

CO, 

ra!;::;;;;  ;::;::::::: :::: 

100.00 

101.98 

.87 

100.00 

100.00 

100.00 

101. 11 
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These  analyses  serve  well  enough  to  show  the  variable  character 
of  the  oceanic  sedimenta,  but  they  are  in  several  respects  incomplete. 
In  order  to  detarmine  the  composition  of  the  oceanio  clays  more 
minutdy,  two  analyses  have  been  made  in  the  laboratory  of  the 
United  States  Geological  Survey  upon  material  kindly  furnished 
by  Sir  John  Murray.  The  samples  analyzed  were  composites  of 
many  individual  specimens,  brought  together  from  all  of  the  great 
oceans  and  collected  partly  by  the  OkaUenger  and  partly  by  other 
expeditions.  The  data  are  as  follows,  reduced  to  uniformity  by  rejec- 
tion of  sea  salts,  calcium  carbonate,  and  hygroscopic  water,  and  recal- 
culation of  the  remainder  to  100  per  cent. 


Analyia  ofeompotiu  tampla  ofmarint  ek 

A.  C(nnpa«lM  of  flfty-ons  nniplss  of  tilt  "nd  oU;."    Ajuljied  b;  O.  SU 
tlai»b;W.  T.  Hmsbnaduid  E.  C.  SulUvmn. 

B.  ComposlM  olflttr-tTO  wmplaa  of  "HfrlEtnooB  dari,"  namalr,  four  "i 
"bhwmuds."    Anal^iliby  O.  SMfv. 


r,  wttb  spiielBl  dBUtmliia- 
■L  muda"  (ad  bttj-ii^t 


TiO, 

oA 

Fe,0, 

F»b 

NiO.CoO- 

MnO 

MnO, , 

MgO 

QTO 


BaO— 
K,0.. 

Ay,-' 
MoO... 


15.  M 
.012 
8.68 


S7.0S 
1.S7 
17.22 


1.21 
3.31 
L96 


1-05 
.03 
Tnc«. 


CuO— 
PbO.. 
ZnO.-. 


.024 
.008 
.005 


.0160 
.0004 
.0070 


These  figures  give  the  average  composition  of  the  two  oceanic  sedi- 
ments and  show  the  distribution  in  them  of  the  minor  and  rarer  con- 
stituents. Even  these  analyses  need  to  be  supplemented  by  others,  of 
which  many  can  be  found  scattered  through  the  literature  of  ocean- 
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(^prapby.*  The  data  are  abundant,  but  theb*  value  upon  tbe  purely 
chemical  side  is  very  uneTen.  Few  conclusions  can  be  deduced  from 
ihem.  J.  Y.  Buchanan,'  who  found  free  sulphur  in  a  number  of 
marine  muds,  thinks  that  sulphates  were  reduced  to  sulphides  by 
passing  through  the  digestire  organs  of  marine  ground  fauna,  and 
points  out  that  matter  at  the  bottom  of  the  sea  is  subject  also  to 
reoxidation  by  dissolved  oxygen.  When  oxidation  is  in  excess  of 
reduction  red  sediments  are  formed;  if  the  reducing  process  prepon- 
derates, tbe  sediments  are  blue.  In  the  Black  Sea,  according  to  N. 
Androuasow,*  the  sulphates  contained  in  the  water  ore  also  partly 
reduced  by  micro-oigaoisms,  which  hberate  hydrogen  sulphide.  A 
portion  ot  this  gas  is  reoxidized,  with  some  liberation  of  sulphur; 
another  part  takes  up  iron  from  the  sediments  and  forms  abundant 
deposits  of  pyrites. 

The  calcareous  oozes  obviously  represent  calcium  carbonate 
absorbed  by  living  organisms  from  its  solution  in  sea  water  and  depos- 
ited with  their  remains  after  death.  It  therefore  owes  its  origin  to 
rock  decomposition,  during  which  the  lime  was  removed  to  be  carried 
in  solution  by  rivers  to  tbe  sea.  The  aihceous  oozee  were  formed  in 
a  similar  manner  by  radiolarians  and  diatoms,  which,  as  J.  Murray 
and  R.  Irvine  *  have  shown,  are  able  to  decompose  the  suspended 
particles  of  day  that  reach  the  ocean  and  to  assimilate  their  silica. 
A  slimy  mass  of  sihceous  algee  analyzed  by  Murray  and  Irvine  conr 
tained  77  per  cent  of  sihca,  1.38  of  alumina,  16.75  of  oiganic  matter, 
and  4.87  of  water.  From  materials  of  this  kind,  which  are  very 
abundant  in  the  ocean,  these  particular  oozes  were  produced,  but 
their  primary  substance — silt,  or  volcanic  ash,  or  atmospheric  dust — 
came  from  the  decomposition  of  rocks  upon  the  land.  In  some  casee 
siliceous  dep<»it8  have  been  developed  in  another  way,  namely,  by 
the  silicification  of  shells  and  corals.  Remains  of  this  kind  are  plen- 
tifully found  in  sedimentary  rooks,  and  the  process  of  their  forma- 
tion can  be  imitated  artificially.  A.  H.  Church,*  by  allowing  a 
very  weak  solution  of  colloidal  siUca  to  percolate  through  a  frag- 
ment of  coral,  succeeded  in  dissolving  away  the  calcium  carbonate 
and  leaving  in  its  place  a  siliceous  pseudomorph. 

iSoOifDrcmnpla,  K.  NatUnr,  isilIadIt<cniuBiimnd«,lfaiatdi.Ch«mla,Tol.  11, 1WI,p.  m;  toI.IS. 
IW,  p.  S30;  b1»  apm  Beil  Sea  dapoilta,  idem,  voL  30,  ISM,  p.  1.  L.  Scbmelck  (Dm  Ntnko^a^bSTt 
Sipadltlao.pt.  9)  glvn  nuny  aiiBlyMot  marlnB  clays.  J.  Y.  BucIWDUi  (Proa.  Boy.  Bo&  Bdlnbnr^ 
vol.  18,1880-91,  p.  131)  ra{KKtBpwtU»iB]yM>ciIU«illti*nuMUnmpliia.  A.  and  H.  Strnks  (LltblTa 
AnDitan,  vol.  Kl,  IBU,  p.  lTT)diaa1ba  a  paculbrmudfromtheSandiqfrd,  Kcmy.  A  bttr  itiidx  ol  tha 
mug  pibrtaan  mi  publUisd  by  £.  BSdtkK  <U>blfi  AmvlNi,  vdU  XO,  18BS,  p.  *X).  fcr  ■  itbOalnfbT 
«f  oaaukto  MdmuatMlan  Me  E.  Andrft,  Oed.  Bundachw,  vol.  3,  p.  XU,  UU. 

>  PrOO.  Boy.  a«.  Edinburgh,  vol.  18,  lm-«l ,  p.  IT. 

1  Onite  dM  axamkni  da  vn  Coog.  (M.  Inttrat.,  No.  X,  letT,  pl  t. 

*  PiOB.  Boy.  Soo.  Edtnborgb,  vol.  IS.  lEBO-Vl,  p.  33S. 

'  Jaor.  Cbm.  Soe.,  tdL  IS,  im,  p.  Ida, 
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OIiAVCONTTE. 

Id  oceanic  sedimenie,  and  chiefly  near  the  "  mud  line ' '  snirounding 
the  continental  shores,  the  important  mineral  ^uconite  is  found  in 
actual  process  of  formation.  This  green,  granular  silicate  of  potas- 
sium and  iron  occurs  in  rocks  of  nearly  all  geologic  ages,  from  the 
Cambrian  down  to  the  most  recent  horizons,  and  there  has  been  mnch 
discussion  over  its  nature  and  origin.  In  composition  it  is  exceed- 
ingly Tftriable,  for  the  definite  compound  is  never  found  in  a  state  of 
purity,  but  is  always  contaminated  by  alteration  products  and  other 
extraneous  substances.  As  an  oceanic  deposit  glauconite  is  devel- 
oped principally  in  the  interior  of  shells,  and  organic  matter  is  be- 
lieved to  play  a  part  in  its  formation.  According  to  Murray  and 
Renard,'  the  shell  is  first  filled  with  fine  silt  or  mud  upon  which  the 
oi^anic  matter  of  the  dead  animal  can  act.  Through  intervention  of 
the  sulphates  contained  in  the  sea  water,  the  iron  of  the  mud  is  con- 
verted into  sulphide,  which  oxidizes  later  to  ferric  hydroxide.  At 
the  same  time  alumina  is  removed  from  the  sediments  by  solution 
and  colloidal  silica  is  hberated.  The  lattw  reacts  upon  the  ferric 
hydroxide  in  presence  of  potassium  salts  extracted  from  adjacemt 
minerals,  and  so  glauconite  is  produced.  This  view  is  sustained  by 
ol^er  evidence,  namely,  the  constant  association  of  the  glauconite 
shells  with  the  dSbris  of  rocks  in  which  potassium-bearing  minerals, 
such  as  orthoclase  and  muscovite,  occur.* 

This  theory  of  Murray  and  Renard  seems  to  be  fairly  satisfactory, 
so  far  as  it  goes,  but  it  does  not  cover  the  entire  ground.  It  ap]dies 
to  the  glauconite  whicb  is  now  forming  upon  the  sea  bottom,  but  not 
to  all  occurrences  of  glauconite  in  the  sedimentary  rocks.  In  an 
importfmt  memoir  L.  Cayeux  *  has  shown  that  in  certain  instances 
g^uconite  has  formed  subsequent  to  the  consoHdation  of  its  rocky 
matrix,  and  while  he  admits  that  organic  matter  has  assisted  its 
development  within  shells,  the  mineral  can  be  produced  by  some 
quite  different  process.  What  this  process  is  he  does  not  explain; 
he  merely  shows  that  glauconite  can  form  without  the  intervention 
of  organisms  and  that  its  mode  of  genesis  is  at  least  twofold.  Iaa~ 
centally  also  he  states  that  ferric  hydroxide  and  pyrite  are  produced 
by  the  decomposition  of  glauconite,  an  observation  which  seems  to 
indicate  that  the  reactions  predicated  by  Murray  and  Renard  may  be 
revfflsible. 

I  ciullai(«  B«|>t.,  Pwyew  itpetUt,  Ittl,  p.  sn. 

■  For  oUur  dJaoooliHis  rehuln  to  111*  orlglii  of  ^soomjta  ms  C.  W.  tod  Odinbal,  Sltmniab.  K.  Akid. 
WlM.  IfOndMO,  voL  16, 1886,  p.  llTj  vol.  as,  IBSS,  p.  Mi.  AIM  D.  8.  CaldMOii,  D.  F.  OwTCi,  tnd  P.  dd 
Pnl^r,  Arada  Soc.  aapafi.  Urt.  uL, nL  n,  ISH, p.  8.    The  oldv  UUntnre  of  thanibjaiitkii] 


&  r^Ruto  mlcroervpblqQo  dcs  tcrraiiiB  s^diinozitAlm:  U^a,  fioo.  £&iL  du  Xord,  voL  4, 
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The  gramiles  of  glauconite  from  marine  mud  aad  from  the  Bedi- 
mentary  rocks,  although  not  found  as  definite  crystals,  have  never^ 
theless  a  distinct  cleavage,  and  are  interpreted  by  A.  Lacroix '  as 
monoclinic  and  analt^us  to  the  micas.  There  is,  however,  another 
mineral,  celadonite,  which  is  regarded  by  Dana  and  other  writers  as 
a  separate  species,  but  which  resembles  glauconite  so  closely  in  com- 
position that  it  may  be  the  same  thing.  It  occurs  as  a  decomposition 
product  of  augite  in  various  basaltic  rocks,  is  green  like  glauconite, 
but  earthy  in  texture,  and  never  granular.  It  is  easily  confounded 
with  other  green  chloritic  minerals  and  its  diagnosis  is  never  certain 
unless  supported  by  a  complete  chemical  analysis.  C.  W.  von  GOm- 
bel '  and  K.  Glinka  *  both  identify  it  chemically  with  glauconite, 
despite  its  entir^y  difierent  origin,  a  conclusion  which,  if  sustained, 
gives  tis  another  illustration  of  the  fact  that  a  chemical  compound 
may  be  produced  by  several  distinct  processes.  Still  another  min- 
eral, found  in  the  iron-bearing  rocks  of  the  Mesabi  district,  and 
named  greenalite  by  C.  K.  I^eith  *  has  been  confounded  with  glau- 
conite, although  it  is  free  from  potassium  and  its  iron  is  practically 
all  in  the  ferrous  state.  In  glauconite  the  iron  is  mainly  ferric,  and 
potassium  is  one  of  ite  essential  constituents.  According  to  the  best 
analyses,  glauconite  probably  has,  when  pure,  the  composition  repre- 
sented by  tiie  formula  Fe"'KSijO,.aq.,  in  which  some  iron  is  replaced 
by  aluminum,  and  other  bases  partly  replace  K.*  This  formulation 
is  not  final,  neither  does  it  suggest  any  relationship  between  ^au- 
conite  and  the  micas.  It  rests  upon  Glinka's  analyses  of  Russian 
glauconite,  in  which  the  material  was  freed  from  impurities  by  means 
of  heavy  solutions.  The  water  in  the  formula  is  probably  for  the 
most  part  "zeolitic"  and  not  constitutional,  as  in  the  case  of  analcite, 
a  sihcate  of  similar  chemical  type. 

The  following  analyses  of  glauconite  and  celadooite  will  serve  to 
show  the  variability  of  the  material.* 

1  Iflnftmlogla  dc  la  rnoot,  vot.  1,  ISBS-ISU,  p.  MT.    Laoofi  glvn  >  namber  of  uulyim  of  Trmeb  Rnd 


'  Bltmiiffb.  K.  Akad.  Wlai.  UflnchiD,  ml.  M,  IWe,  p.  M. 

1  ZtlKdir.  XTfit.  UbL,  ToL  SO,  iwe,  p.  no.    AtetrectmrniHaaluiongliuL 

•  Hon.  U.  S.  Oaal.  Sorv*;,  ml  43,  IHS,  p.  MO.    Ldth  (Ivfa  ■  Ions  Ul '      '   ' 

•  BwdiscuslDnbyr.W.  Clatkals  Hon. U.S.  QaoL  Surra;, vdL 43,  una, p.atS.  CmnptflL.  W.CoIM 
■nd  Q.  W.  Lm,  Compt.  Ram].,  voL  lU,  ISQD,  p.  DM.  Tha  authcfa  t^va  an  analfik  of  virf  pan  nufln* 
^anamlta.  TwooUuraiulyMia  areglTvi  br  W.  A.Cupari,  Pioe.  Boy.  8acBdbibatsh,  voLH^lSia,p. 
MX.  Caapaii  abo  ds9crib«  Uie  i^iiUuBla  of  a  oompouud  raambllng  E'«''«i"'t*,  An  f™r"ft<i"t  IIHIM)- 
(r^ih  by  Collet,  Lea  itptita  marina,  vu  pnblbHed  at  Paiii  In  190S. 

•Uauy  aualyvB  otgraanuud  marb  araglTBi  by  G.  B.  Cook,  In  aaakigy  otNnr  JvMy,  IMS,  pp.  U4 
atssq.  On  New  Janey  greensandiaeeabo  W.  B.  Clark,  Joni.  Oaolofy,  vol  3,  M>4,p^  Ul.  OnliWiflMt- 
oenUa,  im  A.  f.  Hoaklia,  OnL  Ihc,  UK,  p.  317. 
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Analyiei  of  glaiieoniU  and  eiitadotaU. 

i.miaDd.  Aiu]ydsbjAP.Hi>ldDi,0«oLICw-.Utf,P-na- 
>,  Padl,  OoTtnuiient  Banloff,  Hnvli.  One  of  tin  aualTM*, 
bj  K.  aUnka  (ZdtsGhr.  Krjit  lOo.,  vol.  V),  VM,  p.  W»,  at  Bnnlu  mmtirU  from  me  Lowti  snoilan, 
Junsla,  Eocou,  mil  Ctetaoecnu.   This  miq?Ia  lost  l.«  pw  omt  of  watci  M  lOD*,  bat  ngaliud  It  In 

'1,  Huum  County,  VIrgbilft.    Anatyrig  by  U.  B.  Cotw  and  C.  B«>- 
1.  Jour.,  nd.  14,  ISIB,  p.  817.    &»  ptr  o«it  at  tha  sOka  la  stotad  npantdy  u 
jonnOk  hmu  ot  inir  anilTtw  nud*  by  L.  BlpOa  be  Umrsy  and  Ra 
Rapt,  Deq^  dtpoalb,  mi,  p.  tg7. 

2.  Olanooalte,  KODte  Brlona,  laka  Qaida,  Italy.   Analyih  by  A.  Schvagtr.    DaorlbedbjC.  W.  vcm 
OHmbtl,  SltnUffb.  Akad.  IfOnchai,  m.  »,  18l»,  p.  MS. 
V.  CabdoDilv,  llonU  Baldo,  ntn  Vcnma,  Italy.   Analyila  by  Schwagv.    Bm  Ollmbd,  kn.  oU. 
O.  CabdonlM,  mwn  at  tour  uialyMH  a[  matarU  from  ScotUih  localltliB,  by  U.  F.  Eaddl*.    Tnoa.  Roy. 
Boo.  Bdlnbnrgh,  vol.  9,  Ism,  p.  101. 
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If,  now,  we  assTime  that  celadonite  &nd  glauconite  are  at  bottom 
the  same  fempotaBsic  silicate,  differing  only  in  their  impxiritles,  we 
maj  be^  to  see  that  the  several  modes  of  its  f onnation  are  not  ab- 
solutely different  after  all.  Probably,  in  all  their  occurrences,  the 
final  reaction  is  the  same,  namely,  the  absorption  of  potassium  and 
soluble  silica  by  colloidal  ferric  hydroxide.  In  the  ocean  these 
materials  are  prepared  by  the  action  of  decaying  animal  matter  upon 
femiginouB  clays  and  fragments  of  potassium-bearing  sihcates.  In 
the  sedimentary  rocks,  when  glauconite  appears  as  a  late  product, 
the  action  of  percolating  waters  upon  the  hydroxide  would  account 
for  its  formation.  In  igneous  rocks  the  hydroxide  is  derived  from 
aiiglte,  or  perhaps  from  olivine,  and  percolating  waters  again  come 
into  play.  Thus  the  various  productions  of  glauconite  and  celado- 
nite become  the  results  of  a  single  process,  which  is  exactly  equivalent 
to  that  in  which  potassium  compounds  are  taken  up  by  days.  The 
observation  of  L.  Cayeux '  that  glauconite  is  frequently  present  in 
arable  soils,  io  all  conditions  from  perfect  freshness  to  complete 
alteration  into  limonite,  au^ests  that  perhaps  the  formation  of  the 
species  is  one  of  the  modes  by  which  potassium  is  withdrawn  from 
its  solution  in  the  ground  waters. 


>  ABUlM  Boe.  gfcL  dn  Kocd,  toL  M,  llOS,  p.  IM 
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PHOSPHATE   BOCK. 

Among  the  jihosphatea  of  the  igneous  and  crystalline  rocks,  only 
one,  apatite,  has  any  lai^  significHnce.  Monazite  and  xenotime  are 
altogether  subordinate.  Apatite,  as  was  shown  in  previous  chap> 
ters  *  is  widely  distributed,  but  in  relatively  small  proportions; 
although  it  ia  sometimes  concentrated  into  lat^  deposits  or  in  veins. 
The  commercially  important  apatites  of  Canada,  Norway,  and  Spain 
axe  segregations  of  this  kind.* 

By  various  processes,  which  are  not  yet  txtUy  understood,  apatite 
undergoes  alteration,  and  by  percolating  carbonated  waters  it  is 
slowly  dissolved.  Some  of  the  phosphoric  acid,  thus  removed  in 
solution,  is  carried  by  rivers  to  the  aea,  where  it  is  laigely  absorbed 
by  living  organisms.  Some  of  it  reacts  upon  other  products  of  rock 
decomposition,  forming  new  eecondaiy  phosphates.  Another  portion 
is  retained  by  the  soil,  whence  it  ia  extracted  by  plants,  to  pass  from 
them  into  the  bodies  of  animals.  From  organic  sources,  such  as 
animal  remains,  the  lai^est  deposits  of  phosphates  are  derived. 
Between  the  original  apatite  and  a  bed  of  phosphorite  there  are  many 
stages  whose  sequence  is  not  always  the  same. 

The  solubility  of  apatite  and  of  the  other  forms  of  calcium  phos- 
phate has  been  studied  by  many  investigators.*  R.  Mtiller*  has 
shown  that  apatite  dissolves  in  carbonated  wat«rs,  and  the  fact  that 
ibs  solubility  of  calcium  phosphate  is  increased  by  humus  acids  has 
been  observed  by  H.  Min^en  and  B.  Tacke.'  C.  L.  Reese,*  in  a  series 
of  experiments  upon  calcium  phosphate,  found  that  it  dissolved  per- 
ceptibly in  swamp  waters  rich  in  organic  matter.  Carbonated  waters 
also  dissolved  it  freely,  but  it  was  redeposited  wh^i  the  solution  was 
allowed  to  stand  over  calcium  carbonate.  In  presence  of  the  car- 
bonate, thffli,  the  phosphate  would  probably  not  be  dissolved,  while 
carbonate  could  pass  into  solution.  Other  salts  in  solution  may  assist 
or  hinder  the  solubility  of  calcium  phosphate,  and  since  natural 
waters  differ  in  composition  the  solvent  process  is  necessarily  variable. 
Cameron  and  Hurst,^  who  studied  the  solution  of  iron,  aluminum, 
and  cfdcium  phosphate,  showed  that  the  process  is  one  of  hydrolysis, 

>  Bae  p.  36S  and  Bbo  tlu  BiudTW  of  Igneoui  rooks  gtvtm  In  ChapUr  XL 

'Foe  good  «iimin»ak«»JatlT>  to  tli«occniTeiie«ol«eonomlcdly  Important  phi»iaial«otlina,»t»R.  A.  r. 
Phuoh,  Bull.  V.  8.  Oool.  Surrey  No.  «,  1g§8;  A.  Cannt,  Amutla  do  mtnai,  gtb  mc.,  toL  10,  UM,  p.  UT; 
and  E.  NiTOit,  In  Fremy's  EncydopMla  chlmiqaii,  voL  G,  mo.  1,  pt.  3, 1S84,  p.  83.  AH  tbwa  mamolra 
r«Tit«tn  numoroLU  anolysHr  ^^^  PaJuou  glTia  &  blbUograpby  of  ths  subjKt  down  to  18SS. 

>  8m  F.  E.  Ciiniirou  and  L.  A.  Hunt,  Joni.  Am.  Cluiii.  Boc.,  voL  36,  UH,  p.  BSt.  TlUM  inll«i  gtra 
■bandact  Illntius  nttcmaa.  Sea  tlto  Camwaa  inii  A.  Sddall,  Idam,  voL  30,  ISM,  p.  14M;  vcri.  17,  laK, 
p.  U03.  EaiUa  papocs  by  8.  P.  Shwplw  (Am.  Joor.  SoL,  M  Mr.,  vdL  1,  U71,  p.  171)  and  T.  MiHId^ 
(CiHnpt.  Bond.,  vol.  131,  MX,  p.  W)  may  alio  ba  notload. 

•  Ithrb.  E.-k.  gwL  RekHuamtalt,  ToL  IT,  Uln.  KIR.,  1877,  p.  SB.    Bao  ako  ant^  p.  SU. 

•  JoiiT.ai«n.Boa.,ToL78,pt.l,  UOOiP.eU.    AtMMot. 

•  Am.  lour.  SoL,  M  wr.,  voL  U,  UKI,  p.  MB. 
'Lo<l.oit 
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the  solution  becoming  acid,'  and  less  soluble  basic  phosphates  being 
left  behind;  that  is,  the  solution  contains  acid  ions,  corresponding 
either  to  free  acid  or  to  acid  salts — a  condition  which  must  materially 
affect  the  action  of  the  liquid  upon  the  substances  with  which  it 
comes  in  contact.  R,  Warington,'  for  example,  found  that  a  solu- 
tion of  calcium  phosphate  in  carbonated  water  was  perfectly  decom- 
posed by  hydroxides  of  iron  and  aluminum — a  reaction  which,  must 
often  occur  in  soils.  By  reactions  of  this  kind,  probably,  many  well- 
known  minerals  have  been  produced;  but,  since  iron  compoimds  occur 
in  natural  solutions  more  laif;ely  than  salts  of  aluminum,  the  iron 
phosphates  are  more  numerous  and  more  widely  distributed.  The 
"blue  earth,"  vivianite,  F^PjOg,8H,0,  for  example,  is  not  uncom- 
mon in  clays;  it  is  found  lining  belemnites  and  other  fossils  at  Mul- 
lica  Hill,  New  Jersey;  and  near  Edgeville,  Kentucky,  W.  L.  Dudley  * 
found  plant  roots  almost  completely  transformed,  by  a  process  of  re- 
placement, into  this  mineral.  Other  phosphates  of  iron,  commonly 
found  associated  with  sedimentary  beds  of  limonite,  are  dufrenite, 
strengite,  phosphosiderite,  barrandite,  koninckite,  cacoxenite,  be- 
raunite,  ludlamite,  calcioferrite,  borickite,  etc.  The  aluminum 
phosphates,  omitting  several  of  doubtful  character,  are  waveUite, 
fischerite,  vaiiscite,  turquois,  caUainite,  peganite,  spheerite,  evansite, 
wardite,  and  zepharovichite.  Most  of  these  minerals  are  rare 
species,  found  in  very  few  localities,  and  need  no  further  consideration 
here.*  Wavelhte,  however,  has  been  mined  near  Mount  Holly 
Springs,  Pennsylvania,  and  naed  as  a  source  of  phosphoric  acid.* 

Aluminum  phosphates  are  sometimes  formed  by  the  direct  action 
of  phosphatic  solutions  upon  igneous  rocks,  or  even  upon  limestones 
containing  much  clay.  The  source  of  the  phosphates  in  several  such 
cases  is  found  in  beds  of  giuuio  dept^ted  by  sea  fowl  upon  rocky 
islets,  or  by  colonies  of  bats  in  caves.  Guano  is  rich  in  phosphatic 
material,  and  a  number  of  distinct  mineral  species  have  been  dis- 
covered in  guano  beds.*  The  following  compounds  axe  the  best 
known  among  them: 

Honetite HCaPO,. 

BruBhite HC»P04.2H^. 

Metobniflhito 2H0ftPO4.3Hj0. 

Mwtinite 2H,C»,{P0,),.HjO. 

I  Apatite  gtvm  aOmOnt  naetknu.  F.  R.  Commn  Ukd  A.  Saldall,  Jour.  Am.  Chem.  Soc.,  to].  17,  UUS, 
P.UU). 

>  lour.  Chem.  Soo.,  toI.  IV,  18W,  p.  3K. 

>  Am.  laai.  ScL,  3d  ilir.,  ToI.  40,  laeo.  p.  I». 

*  Foi  dctaHi  cxnKMning  tbew  mlnenls,  an  Dana's  Byitam  ot  Ifimnlogr  utd  tts  nipplsnHnls.  Od 
tbg  TBikitles  ol  oalchuD  pboaidiale  kDown  u  osteollte  and  itallBUtB,  an  A.  SchmuiUai,  Oentralbl.  Mln  j 
G«al.  n.  Pal.,  ISOG,  p.  041. 

(  Bee  0.  W.  Stem,  Bull.  II.  B.  Oeol.  Snrrey  No.  SU,  1907,  p.  <74. 

•  Od  tba  pbMphata  KHind  In  the  bet  gnuio  oI  tbi  BklptOD  Gam,  Aua(nlla,>eeR.W.  E.IICIvor,  C 
Hews,Tid.  U,  U8T,  p.  UK  vol.  SS,  UNB,  pp.  181,  317.    UoItu  Damn  three  of  Uie  ai 
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CoUophanite -• C«bPAH,0. 

Bobierrite Mg,P,0,.8a,0. 

Newberyite HMgPO^.SHiO. 

Hannayite MfcP,0,.2HiNH,P04.8H,0. 

Strovite NH4MgPO,.6HjO. 

Storeorite HNaNH.POj.iHjO, 

Several  of  these  coinpoun(k,  it  will  be  observed,  are  acid  phos- 
phates, and  three  of  them  contain  anuaoniimi.  Dissolved  by  atmos- 
pheric waters,  they  react  upon  the  decomposing  rocks  beneath  the 
guano  and  produce  changes  of  a  notable  kind.  Where  they  find 
limestone,  they  convert  it  into  calcium  phosphate;  when  they  attack 
igneous  rocks,  they  produce  a  phosphate  of  aluminum,  "nie  last- 
namod  substance  may  also  be  formed  from  the  hydroxide  of  alumi- 
num which  is  present  in  many  clays.  On  the  islands  of  Navassa,  Som- 
brero, Mona,  and  Moneta,  in  the  West  Indies,*  limestones  have  been 
thus  transformed;  the  other  reaction  may  be  more  fully  considered 
now. 

On  Clipperton  Atoll,  in  the  North  Pacific,  J.  J.  H.  Teall  *  found 
a  phosphatized  trachyte,  the  alteration  being  clearly  due  to  leachings 
from  guano.  A  similar  alteration  of  andesite  was  discovered  by 
A.  Lacroix*  on  Pearl  Islet,  off  the  coast  of  Martinique.  In  both 
cases  feldspars  furnished  the  alumina  for  the  phosphate  that  was 
found.  Another  phosphate  of  similar  character,  from  the  island  of 
Sedonda,  in  the  West  Indies,  was  described  by  C.  U.  Shepard,'  but 
nothing  is  said  of  its  petrologic  origin.  Another  example,  ana- 
lyzed by  A.  Andouard,*  came  from  the  islet  of  Grand-Conn£table, 
near  the  coast  of  French  Guiana.  All  of  these  represent  changes 
brought  about  by  percolations  from  bird  guano. 

In  the  Minerva  grotto.  Department  of  l'H£rault,  France,  A,  Qau- 
tier  *  f otmd  brushite,  tribasic  calciimi  phosphate,  and  a  phosphate 
of  aluminum  to  which  he  gave  the  name  minervite.     To   this  he 

iFortheMavasnplKBphBle.aeeE.  V.d'InTlllleis,  BuU.O«ol.Soc.  Amarka,  TDl.  2,  INI.p.  7E.  W.B. 
U.  DtvUton  (Tnzis.  Am,  Inst.  Mln.  Eng.,  vol.  SI,  1803^,  p.  laS)  thinks  It  may  be  a  nsldiul  Don»Dtn- 
tlon  tcom  phoaphatlc  limBstooa  aod  not  a  guano  prodact.  f  or  Sombran,  am  A.  A.  JnUan,  Am.  7out.  ficL, 
3dnr.,  vol.  36,  ISe3,  p.  424.  For  Uonanod  Uooeta,  IM  C.  U.  Sbapoid,  Jr.,  Am.  Juit.  ScL,3dBer.,v<ri.3S, 
13la,p.40a.  SeealsoB.  P.  Bbarplea.Pnc.  BoatooSoc.  Nat.Efit.,vol.22, 18S3,p.3U,oiii^cHiibatesrn>in 
tha  gaano  cavea  at  lbs  ChIob  Islands,  wblcb  contain  oanaldanble  ndrntxtmea  of  calofam  mlpbaH.  E. 
UartitiCZaltaEbr.  Deutadi.geDl.  0««ll.,Tol.ai,lgTS,p.4n),  haa  dsacrlbed  the depcalls  of  phosphau on Ibe 
bland  of  Boanlre.  N.  H.  BatioD  (Am.  Jaai.  BcL.M  nr.,TDl.  41, 1§S1,  p.  103}  and  W.  H.  Dall  and  O.  D. 
narrls  (Bull.  V.  B.  Oeol.  Survey  No.  84, 1892}  TBgazA  the  pboapbatea  of  Florida  aa  poealbly  due  lo  guana 
kaohhifs.  The  lauM  vlnv  vas  atw  advocated  by  L.  C.  lohnsiui.  Am.  Idui.  ScL,  3d  sex.,  vol.  AS,  ISM, 
p.  107.   Oa  tbe  Arubaphospbatea  see  O.  Hughea,  Quart  loot.  Otal.  Soc,,  vol.  41,  lB8S,p.  to. 

'  Quart.  Jour.  Qeol.  3oc,,  vol.  M,  18B8,  p.  230. 

'Bull.  Boo.mln.,  voL2S,  IMG,  p. 13.  Laomli  (Compt.  Rend., vol.  I4I,1«IS,  p.  Ul}  baa  alsompoitad 
•n  Dcanrence  o(  phoepbatlisd  tiaobyte  on  tbe  idand  of  BanThomA,  hi  the  Oulfol  Qabm,  Inthtican 
a^ln,  goano  wsa  the  agent  of  allentlon. 

*  Am.  Joni.  BoL,  3d  ger.,Tol.  47, 18es,p.  438.    Beaalaci  C.  E.  Hitduock,  Bull,  Oeol,  Soc.  Amsika,  vol.  1, 

uei.p.s. 

«  Cooqit.  Read.,  v(d.  lie,  ISM,  p.  1011. 

(Atmabadea  mbua,  9thaer,,  vd.  S,  ISM,  p.  1.  Compt.  Rend.,  vol.  lit,  U>3,  pp.  MS,  1013.  Bacuit 
papenbyOaaCfarRnfaiCan^t.R«id.,Tol.  158,p.913, 1014,  and  Bull.  Soc  dilm.,  1th  aer.,  vd.  U,MU, 
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first  assigned  the  formula  Al,PjOg.7HjO,  but  later  investigationa 
liave  shown  that  potassium  is  an  essential  constituent  of  the  mineral. 
This  was  proved  by  A.  Camot,^  who  also  deecribed  a  substance 
similar  to  minervite,  from  a  cave  near  Oran,  in  Algeria.  In  tlus 
case  the  phosphatic  deposits  seem  to  have  been  formed  by  infiltra- 
tions from  without  the  cavern,  and  the  same  is  true  of  a  white, 
pulverulent  substance  described  by  J.  C.  H,  Mingaye '  from  the 
Jenolan  caves  in  New  South  Wales.  Here  no  evidence  of  guano 
could  be  fotmd,  and  Mingaye  ascribed  the  phosphatic  solution  to 
leacbings  of  rivw  silt  containing  bones  or  other  organic  matter  and 
directly  overlying  the  caves.     The  analyses  are  as  follows: 

Analyta  o/phoiphatie  deposits. 

E.  Ulnarra  Orotto,  Carnot. 

F.  Oran,  Camot 
O,  JaDolannves,  lUngaf*. 

0,  ObuUsi,  ceoant.  H.  Contnnw,  SicUj',  CaaotfaL 
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Trace. 
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, ed  palmerito  br  E.  Caioria  (ZelUobr.  Kryst.  Uln.,  vol.  43,  Itoe,  p.  S7),  ftom  oaar 

Oontrone,  Stolly,  b  probmbly  Idanllnl  wllh  nUnerTllo.    It  w—  •—-<  <-  - '"~ ■'—  •-' " — '— 

A.  Lwnli,  Bull.  Boc.mliL,Tol.33,  IBlO.p.  ».    Lwrotx  u 


a  lHy«  undiD  Iwl  EiHUW.    Sat  aim 


Although  these  analyses  do  not  represent  pure  compounds,  they 
yield  approximations  to  simple  formulae.  A  and  B  are  not  far 
from  variscite,  A1PO,.2H,0.  C  suggests  the  analogous  bairandite, 
(Al,Fe)PO,.2H30.  Minervite,  especially  as  shown  in  Mingaye's  analy- 
sis, probably  contains  a  salt  of  the  composition  H,KAlj(P04),.6H,0. 
Qautier  assigns  it  a  more  complex  formula  and  further  investigation 
of  it  is  desirable. 

I  Amialn  da  mlon,  9tb  ser.,  vol.  8, 189E,  p.  SIS.    Compt.  Itend.,  vol.  131, 18W,  p.  Ua. 

■  Ree.atoLSurT«;NnrSoiilhWalM,ToLA,un,p.lll.  tOoiaTBgfTMBaBlTMftttMTaalOllurplu*. 
pliUMfcimdbith«HeaTmi>.  FluapliaUaatitmlluaiifbiBitdaalbMlbrD.ltMnonaBdW.T.Oaokfl 
hi  TtuM.  Roy.  Boo.  South  Aoiballt,  toL  81,  DOT,  p,  U. 
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llie  phosphAtes  of  the  Minerva  grotto,  aecordii^  to  Qautier,*  were 
formed  hj  the  action  of  decomposing  animal  matter  upon  gibbeite, 
daj,  and  limestone.  In  order  to  support  tiiis  opinion,  he  proved 
experimentally  that  solutions  of  ammonium  phosphate,  which,  as 
we  have  seen,  may  be  derived  from  guano,  will  produce  the  required 
transformations.  Grelatinous  alumina,  digested  with  anunooium 
phosphate,  gave  a  crystalline  product  resembling  minervite,  and 
even  a  clay  was  altered  by  the  reagent.  Siderite,  FeCO,,  similarly 
treated  with  ammonium  phosphate,  was  converted  into  a  salt  of  iha 
composition  Fe,(POt),.6H30 ;  and  limestone  was  fomid  to  be  trans- 
formed into  calcium  phosphate.  That  ia,  a  known  product  of 
organic  decomposition  will  so  act  upon  mineral  substances  as  to 
generate  phosphates  resembling  those  that  were  actually  found.  An 
outline  is  thus  furnished  for  a  general  theory  of  phosphatization, 
which  is  supported  both  by  laboratory  investigation  and  by  tiie 
observation  of  natural  occurrences.  The  decaying  animal  matter,  in 
presence  of  bones  or  phosphatio  shells,  can  form  soluble  phosphates, 
and  the  latter,  acting  in  solution  upon  clays,  hydrozidee,  or  carbon- 
ates, bring  about  the  final  transformations. 

The  larger  deposits  of  calcium  phosphate,  or  phosphorite,  are 
probably  all  of  marine  origin.*  Unlike  the  crystalline  apatite  they 
are  amorphous,  and  may  be  either  compact,  earthy,  or  concretionary. 
Nodular  or  pebble  forms  are  common.  In  composition  the  purest 
phosphorites  approach  apatite,  or,  more  specifically,  fiuorapatite, 
Cai(P04)iF;  but  some  varieties  are  more  nearly  the  normal  trical- 
d.nm  phosphate,  Ca,(POJj.  According  to  A.  Camot;'  the  concre- 
tionary phosphates  are  deficient  in  fluorine,  while  in  the  sedimentaiy 
forms  it  is  present  in  nearly  the  apatite  ratio.  In  the  phosphoritm 
of  France,  A.  Lacroiz*  identifies  collophanite,  dahOite 

(Ca,(P0,),.CaCO,.iH,0) 

and  francolite,  which  also  contains  calcium  carbonate.  To  the  phos- 
phorite of  Quercy,  which  ia  a  mixture  of  the  other  species,  he  gives 
the  name  quercylite. 

To  apparently  homogeneous  brown  grains  from  the  chalk  of  Ciply, 
in  Be^um,  J.  OrtLeb*  assigned  ti^e  formula  4Ca0.2PjO..SiO„ 
regarding  the  substance  as  a  definite  mineral  species  to  which  he 
gave  the  name  ciplyte.     In  an  Algerian  phosphate,  G,  SchQler  •  found 

1  AnnslM  d«  UlDM,  Blh  nr.,  vol.  fi,  18M,  p.  I.    Campt.  Rand.,  voL  lie,  1883,  pp.  «S,  lOO. 

•  Evan  Ihs  highly  diTiilBmufl  Cuwdlui  apatUai  of  tha  Omrllla  wrln  en  n^nltd  by  W.  H.  IfONabil 
u  orlgbitlly  rnutna  dapoelCs  vrbiiii  hava  uudaEone  maCunotphlun.    Trua.  Cuadlaa  Iitrt.,  voL  S,  p.  MB. 

>  Compt.  Send.,  vol.  114,  VM,  p.  10D3. 

•  Idem, vol. I50,lB10,pp.U13,1388.  S<«ilnhblffaiftalogladelaFniK»,ToL4,pp.U5-S8S.  OndablUM, 
•tc,  laa  also  A.  F.  Bogon,  Am.  Jour.  BoL,  4tliair.,  ToL  S3, 1*13,  p.  475,  lad  lOiiMikic.  Uig.,  tdL  17, 1014, 
p.iu.   Toamliunlaf thaooii9oiltlouO^(0(.CaOBogantlTMtlMBam*TO«lckMtt*. 

•  AawtlN  Boo.  ital.  ia  Kord,  vd.  IS,  ias-»,  p.  1?D. 
« MtMbr.  ■Bftir.  Ohnit,  U0(^  p.  1101. 
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chromium  to  an  average  amount  of  0.057  per  cent  of  Cr,Oj.  Oxidee 
of  iron,  alumina,  magnesia,  caJcium  carbonate,  gypsum,  silica, 
sand,  and  clay  are  conmion  impurities.  Nitrogenous  orgaoic  matter 
is  also  often  present.  Some  ao-called  phosphate  rocks  are  merely 
phosphatized  limestones,  sandstones,  or  shales.  In  certain  Cre- 
taceous sandstones  of  Russia,  caJcium  phosphate  occurs  as  a  cement 
for  the  aand  grains  and  also  in  the  form  of  fossil  bones  and  fossil 
wood.  The  wood  has  been  completely  replaced  by  phosphate.* 
Although  bone  is  iteelf  lai^y  composed  of  calcium  phosphate,  fossil 
bones  are  not  identical  chemically  with  recent  bonee.  The  fossils 
show  an  enrichment  in  calcium  carbonate,  iron  oxide,  and  fluorine, 
as  A.  Camot  *  has  shown,  and  especially  in  fluorine.  Modem  bones, 
from  various  animals,  were  found  by  Camot  to  contain  a  mitiinHim 
proportion  of  fluorine;  Tertiary  bones  were  much  ridier;  Triassic  and 
Cretaceous  bones  still  more  so;  and  in  bones  from  Silurian  and  Devo- 
nian formations  the  ratio  of  fluoride  to  phosphate  was  nearly  that 
of  apatite.  This  progressive  enrichment  in  fluorine  Camot  attributes 
to  the  agency  of  percolating  waters,  carrying  small  quantities  of  fluo- 
rides in  solution.  He  dies  a  number  of  references  to  the  presenoe 
of  fluorides  in  mineral  springs,  and  in  water  from  the  Atlantic  be 
fonnd  fluorine  to  the  extent  of  0.822  gram  in  a  cubic  meter.  Iodine,  ~ 
which  is  also  of  oceanic  origin,  has  repeatedly  been  detected  in 
phosphorites,  but  the  presence  of  bromine  is  more  doubtful.* 

The  small  traces  of  phosphates  which  are  present  in  sea  water  are 
more  or  less  absorbed  into  the  shells,  hones,  and  tissues  of  marine 
animals,  and  so  concentrated  to  some  extent.  When  the  ftnirimb  djo 
their  remains  are  scattered  through  the  ooze  of  the  sea  bottom,  and 
feebly  phosphatic  deposits  are  thus  formed.  The  calcium  phosphate, 
however,  tends  to  become  stiU  more  concentrated,  for  the  carbonate 
with  which  it  is  commingled  is  more  freely  soluble,  and  so  is  par- 
tiaUy  removed.  This  process  ia  assisted  by  the  carbonic  acid  formed 
during  the  decomposition  of  the  animal  matter.*  Some  phosphate 
is  also  dissolved,  but  it  is  in  part  redeposited  around  nuclei,  such  as 
shells  or  fragments  of  bone,  forming  the  phosphatic  nodules  which 
are  so  often  found  upon  the  ocean  floor.'  Similar  nodules  are  com- 
mon in  beds  of  phosphorite  and  in  some  localities  they  constitute  its 
valuable  portions.  They  are  also  found  disseminated  in  deposits  of 
green  sand,  associated  with  the  glauconite  which  was  laid  down  at 

1  See  a  taUa  ol  IS  aoalyxa  by  A.  Eniielhardt,  Ckm,  F.  Latechltunr,  tnd  P.  Eoatrduw  In  Ranw  da 
gfoh>g)e,  vol.  7,  lasT-eS,  p.  320.   The  wood,  bom,  and  cemant  have  practically  tlM  suns  ownpiKlllaii. 

•AimalBades mines, Sthaer,,voI.3,iae,p.lS5.  TnadlnMBarluboiiefroni Colorado, L.a.Bakiiu,tn 
tli«  tabraatorf  ol  the  United  StatM  Oeologlcal  Burve;,  found  1.12  per  cent  of  fluoilne. 

■  8«e  r.  EnUmann,  Compt.  Rend.,  vol.  75, 1S73,  p,  1678. 

•  S«  dlscnaliiti  by  L.Enirt,  Nmua  Jahib.,  BelL  Band  16,  IMB.p.l.  Thli  mnnaii  nlalaa  to  tbe  distil- 
bathm  of  phosphorite  In  the  older  Paleoiolc  fotmatlons  oF  Europe. 

•  Sot  T.  Unmy  and  A.  F.  EcDBid,  QulkacK  ^Uffi.,  Desp«ea  d^odta,  ini,  pp.  atT^-tOO.    Ate  autt, 

~     ■«rIV,p.i3*. 
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the  same  time.  The  replacrauent  of  calcareous  sheUa  by  phosphates 
was  cle&rly  traced  by  A.  F.  Kenard  and  J.  Comet  *  in  Uieir  study  of 
the  Cretaceous  phoephoritee  of  Belgium. 

The  organic  remains  which  contribute  to  the  formation  of  phos- 
phorites vary  widely  as  regards  richness  in  phosphates.  Bones  are 
the  richest;  crustacean  remains  probably  come  next;  mollusks  and 
corals  are  the  poorest.  As  a  rule,  moUuscan  shellB  and  corals  consist 
mainly  of  calcinm  carbonate,  but  some  brachiopods  are  highly  phos- 
phatic.  In  a  recent  lingula,  for  instance,  W.  E.  IjOgan  and  T.  S.  Hunt' 
found  86.79  per  cent  of  calcium  phosphate.  'Die  fossil  casts  of  a  gas- 
tropod, Oydora,  are  also,  according  to  A.  M.  MiUer,'  rich  in  phos- 
phate, liie  Cambrian  phosphates  of  Wales  are  regarded  by  H. 
Hicks  *  as  derived  in  large  part  from  crustaceans,  a  supposition  which 
is  home  out  by  W.  H.  Hudleston's  analyses.'  The  shell  of  a  giant 
trilobite  contained  17.05  per  cent  of  F)0,;  the  shell  of  a  recent  lobsteo* 
yielded  3.26  per  cent,  and  the  average  amount  found  in  an  entire 
lobster  was  0.76  per  cent.  Where  crustacean  remains  are  abundant, 
the  proportion  of  phosphoric  acid  ought  to  be  rdatively  high. 

The  deposits  thus  formed  by  animal  remains,  upon  the  bottom  of 
the  sea,  are  at  beet  but  moderately  phosphatic.  A  further  concentra- 
tion is  effected  after  the  sediments  have  been  elevated  into  land  sur- 
faces, when  atmospheric  agencies  begin  to  work  upon  them.  First, 
beds  of  phosphatic  chalk  or  limestone  are  formed,  from  which,  by 
leaching  with  meteoric  or  subterranean  waters,  the  excess  of  calcium 
carbonate  is  washed  away.  The  less  soluble  phosphate  then  remains 
as  a  residuary  deposit,  more  or  less  impure,  and  varying  much  in 
richness.  The  beds  near  Mons,  in  Belgium,  according  to  F.  L. 
Comet,*  were  thus  derived  from  phosphatic  chalk,  from  which  the 
calcareous  shellB  have  disappeared,  while  iha  flints,  siUceous  sponges, 
and  vertebrate  bones  are  unchanged.  According  to  Chateau '  the 
Eocene  phosphates  of  Algeria  were  concentrated  in  the  same  way, 
from  animal  and  v^etable  debris  laid  down  in  shallow  salt-water 
l^;oons.  The  beds  also  show  signs  of  local  precipitation  of  phos- 
phates which  had  previously  been  dissolved.  So  long  ago  as  1870 
this  theory  of  concentration  by  leaching  was  proposed  by  N.  S. 

1  Bun.  Acad.  roT.  sbL  B«l^qae,  vol.  31,  im,  p.  IX. 

■  Am.  Jour.  Bd.,  Id  nr.,  Tol.  17,  ISM,  p.  Z3S.  Thepbotpbatlcclnractaaf  Uiigiil*basiinoeb«(nT«rtllad 
In  the  laboratory  ol  ths  U.  B.  OcologicBl  Surrey. 

•  Am.  Oeologlit,  vol.  IT,  inS,  p.  71. 

<  Quart.  lour.  Otd.  Soe.,  vid.  31, 187G,  p.  308.  On  p.  3t7  ol  the  mne  Joomal  tlun  la  enother  paper  by 
D.  C.  Dftvles  dD  tbe  same  reclan.  W.  D.  Ualthew  (Tnna.  New  Ycck  Acid.  Sd.,  toL  13,  p.  106)  hu  dA- 
fcilbed  pbosiriiatic  nodoka  bean  Uw  Cambrian  at  Neir  Bnmnrlcl:. 

'  Quait.  Jour.  Ocol.  Soa.,  voL  31,  IgTE,  p.  378. 

•  Idem,  vol.  42,  IBM,  p.  333. 

>  Hdm.  Boc.  Ingdn.  civlls,  Anfiot,  U97,  p.  1S3.  AnalyHS  ol  Algtriam  ptacsplntaa,  by  H.  and  A.  Ualbot, 
are  ifvea  In  Compt.  Band.,  toL  121,  ISH,  p.  Ml.  Th*  phoaphoritn  at  Trmit  are  doeolbad  b;  P.  Thuuaa 
In  Bull.  Soc.  gtel.  Ftmce,  3d  ear.,  toI.  1R,  IWl,  p.  3T0.  See  aba  O.  Tletie,  Zallachr.  pnU.  Oeolosle, 
1907,  p.  339,011  the  pboopbatcB  of  Tonla  and  Al«ariB.  Tletn  ilvca  numaoai  nicnc 
theaa  depotlts.    Bee  also  C.  Fllottl,  Pub.  Ctrgt  reals  dalle  mlniere,  Bome,  ItOB. 


626  THE  DATA  OF  OEOCHEMISTBT. 

Shaler,'  to  account  for  the  nodular  phosphates  of  South  Carolina, 
and  it  seems  to  apply  equally  well  to  the  other  phosphorite  deposits 
of  the  United  States. 

The  phosphorites  of  Tennessee,  which  have  been  somewhat  ex- 
haustively studied,'  furnish  an  excellent  illustration  of  the  several 
processes,  chemical  and  mechanical,  which  have  taken  part  in  their 
formation.  As  interpreted  by  Hayes  and  XJIrich,  these  phosphorites, 
which  are  partly  Ordovician  and  partly  Devonian,  were  first  laid 
down  in  a  shallow  sea  as  phosphatic  limestones,  deriving  their  phos- 
phat«a  in  all  probability  from  phosphatic  brachiopods,  such  as  lingula. 
Some  bones  and  teeth  of  Devonian  fishes  are  also  found  in  these  beds. 
The  limestones  then  were  subjected  to  the  leaching  process,  which 
removed  carbonates,  leaving  a  mixture  of  phosphates,  clay,  and  iron 
hydroxide.  The  soil  thus  formed  was  again  concentrated  by  mechan- 
ical washing,  tiie  moving  waters  carrying  away  the  clay  and  finer  silt 
from  the  heavier  phosphatic  nodulee.  Some  phosphates  were  also 
dissolved  by  percolating  waters,  to  be  precipitated  as  a  secondary 
deposit  in  the  imdertying  limestones,  or  concentrated  in  limestone 
caverns. 

The  phosphorites  of  Arkansas,'  which  occur  in  an  interval  between 
the  Lower  Silurian  and  "Lower  Carboniferous,"  are  probably  of 
similar  origin  to  those  of  Tennessee.  At  some  localities  in  Arkansas, 
however,  phosphates  occur  as  bfmds  of  pebbles  in  Cretaceous  beds, 
sometimes  associated  with  greensand.  This  association  and  also 
the  neighborhood  of  manganese  ores  are  strongly  suggestive  of  the 
umilar  association  of  these  substances  in  the  deep-sea  deposits 
described  by  Murray  and  Renard.  The  same  processes  were  followed 
in  both  tJie  ancient  and  the  modem  seas. 

Fhosphoiites  and  phosphatic  marls  are  found  at  many  other  points 
in  the  southeastern  parts  of  the  United  States,  but  they  probably  all 
oii^ated  in  the  same  way,  at  least  so  far  as  chemical  processes  are 
concerned.  The  mechanical  transportation  of  phosphatic  silt  and  its 
accumulation  in  hollows  or  depressions  have  doubtless  happened  in 

■  Froe.  Boston  BiM.  Nat.  HIat.Ttd.  13,  lSTD,p,123,aadalsiilaterliitfaeliilitidDCtliBit(iIt.  A.F.  Peoran's 
Boll.  U.  8.  OtoL  Survey  No.  M,  1888.  For  oUnr  nutter  relsUTa  to  ttia  South  CaroUna  pboqibatM,  am 
O.  A.  HoM,  UlDEr^  Ronurcoa  U.  B.  lor  1881,  U.  B.  OtoL  Surrvr,  189,  p.  Wt;  P.  E.  Clnul,  Sketdi  of  Uw 
Boulh  Cvalliu  phoaphate  bidustrr,  Cbartaabin,  19M;  F.  VjtXl,  Tba  pbosphotss  Ot  Amsrloa,  NsW  York, 
ISBlimdC.  C.  H.  UlUar,  Fkrldo,  South  Carolltia,  and  Cuutdjan  ptuophatea,  LoBdao,  im.  TiMsarUa 
Ulffatura  Is  wall  summed  up  In  Paaon't  buUetbi. 

«  See  publlcfttkms  of  the  U.  B.  Geol.  Barmj  ai  IbUows:  C.  W.  Hayos,  Blitesnth  Ami.  Hopt.,  pt.  *,  IHU, 
p.  010;  BevnleanUi  Ann.  R^L,  pL  3, 1996,  p.  S3S;  Twentieth  AmL  Bept,  pt.  B,  cocL,  laM,  p.  833;  Twtnty- 
fint  Aim.  Bept,  pt.  3,  IWl,  p.  473;  and  Bua  No.  213.  M03,  p.  418.  L.  P.  Brcnrn,  Nfuatsaiith  Ann.  Kept., 
pt.  e,  cmL,  J8B8,  p.  M7.  E.C.Eclml,  BdILNo.  313,  1903,  p.  4H.  The  taUst  discunloa,  by  Hayu  and 
E.  O.  nirkifa,  Is  given  In  Geol.  Atlas  U.  B.  Folio  SS,  1903.  Bee  also  T.  C.  Ueadows  and  L.  Brown,  Tnna. 
Am-Ioat  IfIa.Eii«.,  vol.  M,  ISM.p.  MI;  Hayea.Idem,  vol.  25, 189e,p.  19;  J.U.  Saflord,  Am.  Oeokcbt, 
•ni.  IS,  1890,  p.  aei;  and  W.  B.  Philllpi,  £ng.  and  Utn.  Jour.,  voL  E7, 1894,  p,  41T, 

•  Baal.  C.  Bciimer,  Trans.  Am.  Inst.  Mb.  Eng.,  vol. »,  1996,  p.  S80;  also  Branm- and  J.  F.  Netnom,  BoIL 
Arkansas  Agr.  Eip.  Bta.  No.  74,  and  A.  H.  Purdue,  Bull.  TT.  8.  Oeol.  Sutrer  No.  SU,  1007,  p.  481.  Tha 
Devoniaa  block  pbosphataa  <a  Qm  FyrBnaes,  deao-ibed  by  D.  Levat  (Aniules  das  mlnea,  fftta  av.,  ToL  U, 
I8P9,  p.  4),  are  also  comparable  with  these  of  Tennasaee  and  Arkansas. 
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maDj  instances,  but  hare  no  chemical  significance.  In  the  Florida 
field,  as  described  by  G.  H.  Eldridge,*  every  step  of  phosphorite  for- 
mation seems  to  be  represented.  I^osphates  have  been  concentrated 
from  limestones  and  also  by  mechanical  washing;  they  have  formed 
secondary  replacements,  and  some  were  deposited  from  solution. 
The  following  analyses  were  made  by  Geoi^e  Steiger  in  the  laboratory 
of  the  United  States  Geological  Smrey,  upon  material  collected  by 
Eldridge.  They  show  the  variabiUty  of  the  Florida  rock,  a  variability 
observed  in  all  other  re^ons. 

Analyta  of  Florida  photpkaU*. 

A,  From  near  8nim;slds,  Tarkr  Coimtj. 

B,  C.  From  LantTlUa  dlalrlct,  SnwaDse  Coontr. 
D.  rrom  Albko  dbtilct,  Levy  County. 


SiO,..., 
TiO,.-. 
AljO," 
Fe,0,.. 
OaO.... 
MgO... 
Kfi... 
N>,0... 
pA... 
CO,.... 


1.49 

1.43 

48.81 

.23 

Trace. 

Traco. 

35.83 

2.71 


None. 

33.37 
2.16 
.09 
2.  ID 
1.84 
4.76 


21.17 
3.10 
23.95 


1.42 
1.27 
10.35 


Organic  C- 


.18 


.12 


A.  new  phosphate  field,  probably  the  laigest  known,  is  in  the  States 
of  Idaho,  Wyoming  and  Utah.  At  Uie  date  of  writing  it  is  still  under 
investigation.'  The  subjoined  partial  analyses  of  rock  from  this 
region  are  also  by  Steiger. 

>Traiii.Am.Iii9t.Kbi.  EDg.,ToL21,  im.p-lte.  SeeitooW.  B.M.  DaTidKia,ldam,p.  13S.  EUrUls 
dtea  ■  number  of  incomplete  aialjsei  of  FInldA  phoapbatea  by  T.  U,  CbatBid,  sU  made  In  the  Barvej 
labccBtcry.     OlhcrpapcnnitbeFlorldaphinphatBSbyE.T.Coz.a.U.  Wens.uiaE,  W.Cixllnctaa,m>]r 

balaundlnTruii.Am.Iii9t,U)n.£ng.,T0l.  25, 18«e,pp.3e,  1S3,  UaielBO  one  by  N.A.Pratt,  In  Eng.  and 
Uia.  Jour.,  vol.  G3, 1882,  p.  390.  Bee  al»  E.  H.  Sellanis,  Third  Ann.  Kept  Pkclda  Blale  deal.  Bamy, 
Itoa-lO,  and  O.  C.  MetMn,  BuIL  U.  B,  OeoL  Snrrey  No.  MM,  leil. 

>  See  report  by  H.  B.  O ale  and  R.  W.  Klehirds,  Bull.  U.  S.  Cteol.  BarreyNa.  130, 19ID,  p.  U7;ud£. 
Bladcwelda, Idem, p.  53T.  Otbv  repcrts  appeu  in  Burvey  Bolb.  Nas.4T0,E9},543,endl«).  Earlltt 
tepcrts  by  F.  B.  Weeki  and  W,  F.  Fcrtler  ere  In  Bolli.  31S  and  aw. 
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Analj/»ti  of  vxiUm  photphatu. 


A 

B 

c 

D 

2.62 
.46 
.97 
.40 
.35 
48.91 
.97 
.34 
1.02 
1.34 
2.42 
33,61 
2.16 
.40 
Trace. 

1.82 
.30 
.60 
.26 
.22 
50.97 

2.00 
.47 
.48 
.57 

1.72 
36.36 

2.98 

.40 

Trace. 

B.40 

Undet. 

.90 

.33 

.26 

46.80 

2.08 

.58 

.61 

.75 

2.14 

32.05 

2.34 

.66 

Trace. 

SiO,       

None 

Fi5^ 

M*0 

aS^.r.v; 

95.97 

99.04 

98.90 

96.51 

NoTB. — For  ottier  dftta  on  American  phoeph&tea,  see  R.  A.  F.  Penroee,  Bull.  tJ.  S. 
Geol,  Survey  No.  46,  I8S8,  and  also  the  following  publications:  Phosphatei  and  marls 
ofAlabaina,E.A.  Smith,  Bull.  Geol.  Survey  Alabama  No.  2, 1892;  and  W.  C.  Stubbs, 
Mineral  Resourcee  U.  S.  for  1883-84,  TJ.  S.  Oeol.  Survey,  1885,  p.  794.  The  Alabama 
loc«]iliM  yield  phoephatic  marls  and  greepsanda,  of  Cretaceous  age.  8.  W.  McCallie, 
Fhosphatea  and  marls  of  Oao^:  Bull.  Geol.  Survey  Georgia  No.  5-A,  1S96.  D.  T. 
Day,  North  CaroUna  phosphates:  Mineral  Keeourcee  U.  S.  for  1883-84,  U.  S.  Geol. 
Survey,  1885,  p.  7SS.  M.  0.  Zhlseng,  Fhoephatcfl  of  Juniata  County,  Fennsylvania: 
Seventeentii  Aim.  Bept.  U.  B.  Geol.  Survey,  pt.  3,  1896,  p.  B5&. 

For  pho^horite  in  J^>an,  see  K.  Tsuneto,  Chem.  Zeitung,  vol.  23,  1899,  pp.  800, 
825.  This  phosphate  occun  in  Mioceue  Bandetone  and  contains  some  glaucffldte. 
Good  analyses  are  given. 

On  phosphate  rock  in  New  Zealand,  see  A.  R.  Andr«w,  Trans.  New  Zealand  Inst., 
vol.  38,  1905,  p.  447.  On  ChristmaB  Island,  Indian  Ocean,  E.  W.  Skeats,  Bull.  Mas. 
Comp.  Zool.,  vol.  42,  1903,  p.  103.  On  nodulee  in  eastern  Thuringia,  J.  Lehder, 
Neues  Jahrb.,  Beil.  Band  22,  1906,  p.  48.  On  French  phosphates,  A.  Nantier,  ■ 
Oompt.  Rend.,  vol.  108, 1889,  p.  1174;  and  H.  Lasne,  Bull.  Soc.  g6ol.  Rsnce,  3d  ser., 
vol.  18, 188B-00,  p.  441.  On  Rusaum  phosphorites,  W.  l^chirwinsld,  Neuea  Jahrb., 
1911,  Band  2,  p.  51.  See  also  a  work  by  C.  Elscbser,  Die  corallogeue  Fhoephat- 
Inseln  Austral-Oceaniens,  LQbeck,  1913;  and  on  address  by  J.  J.  H.  Teall,  Pn>c. 
Oeolt^ists'  Assoc.,  1900,  p.  369. 

FERRIC   HYDROXIDES. 

An  important  class  of  products,  derived  from  th«  decompoBitiou  of 
rocks,  ia  that  which  indudes  the  oxides  and  hydroxides  of  Iron  and 
mai^anesfl.  The  residual  deposit  of  ferric  hy(bx>xide,  known  as  lat- 
erite,  has  already  been  desmbed;  other  modes  of  occurrence  remtun 
to  be  considered  now. 
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Several  hydroxides  o{  iron  have  been  ff.v«a  definite  rank  as  mineral 
apecies.    They  are: 

Tuigite 2Fe^,.H^.  Oontaina  04.6  per  cent  FejO, 

Goethite FeiO|.HfO.  Oontaiiu  89.9  per  cent  FejOi 

Limonite 2FejOi.3HjO,  Oontaina  86.S  per  cent  Fe^t. 

Xantboeidwite Fe,0f.2H fi.  Contains  gl  .6  per  c^t  F^O, 

Linmite Fe,0,.3H,0.  Contains  74.7  per  cent  F^, 

Of  these  only  one,  goethite,  is  (ayBtalline ;  thd  others  are  amorphous, 
and  all  sorts  of  mixtures  between  them  are  likely  to  occur.'  They 
are  also  often  admixed  with  siderite,  FeOO,,  which  is  itself  an  impor- 
tant ore  of  iron.  Other  impurities  are  sand,  clay,  calcium  and  mag- 
nesium carbonates,  aluminum  hydroxides,  manganese  compounds, 
phosphates,  such  as  vivianite,  organic  matter,  etc.  Some  of  the 
rarest  metals — ^like  gallium,  indium,  thoUium,  and  rubidium — are 
also  very  commonly  present  in  ores  of  this  class,  but  only  in  minute 
traces.  They  have  been  detected  spectroscopically.*  From  an  eco- 
nomic point  of  view,  all  of  these  minerals  are  grouped  together  as 
limonite,  for  the  reason  that  that  species  is  by  far  the  most  abundfmt 
and  forma  large  ore  bodies. 

The  processes  by  which  deposits  of  ferric  hydroxide  are  produced 
have  akeady  been  partly  indicated.  Residual  deposits  may  be  formed 
as  in  the  case  of  laterite,  or  as  represented  by  the  gossan  caps  over 
bodies  of  sulphide  ores.  Great  outcrops  of  such  ores,  especially  of 
pyrite  or  chalcopyrite,  are  often  aftered  to  a  considerable  depth  into 
masses  of  porous  limonite.  Pseudomorphs  of  limonite  after  pyrite 
are  exceedingly  common.*  When  sulphides  containing  iron  are  thus 
oxidized,  some  iron  is  removed  in  solution  as  sulphate,  from  which  it 
may  be  precipitated  later  as  hydroxide.  Carbonat«d  waters  also 
extract  iron  from  silicate  rocks,  or  from  disseminated  magnetite, 
agsJn  forming  solutions  from  which  limonite  may  be  deposited.  The 
rusty  sediments  around  chalybeate  springs  are  illustrations  of  the 
latter  process.  Oif anic  acids  also  assist  in  the  solution  of  ferrous 
compounds,  and  furnish  to  swamp  waters  the  material  from  which 
bog  iron  ores  are  formed.  Stagnant  swamp  waters  are  often  covered 
by  iridescent  films  of  ferric  hydroxide,  produced  by  atmospheric  oxi- 
dation of  ferrous  carbonate,  in  visible  exemplification  of  the  process 
described  above.  The  following  analysis  of  a  spring  water,  which 
rises  under  a  layer  of  ore  at  Ederveen,  Netherlands,  is  cited  by  Van 
Bemmelen  •  to  indicate  the  source  from  which  the  iron  oxides  were 
derived.    The  figures  refer  to  milligrams  per  lit«r. 

■FirtuvaththritnignMlitte,  ZFt^DutB^,  of  F.  A.  Z<inJU«ehatiafcx  (ZaKachr.Er71t.lUD.,  vol.  30, 
p.  Its)  It  nob  a  mlitura. 
>  Bm  W.  N.  Hartle;  sod  H.  Eun^t,  JoQI.  Cbaa.  800.,  voL  TI,  ISM,  p.  I3S. 

•  On  the  PfClUD  or^ln  dC  Iron  on*  MB  H.  IC.  Chance,  Kng.  Mlu.  Jour.,  toI.  Sfl,  1W8,  p.ue,  and  Trmi. 
Am,  Init.  Uln.  Eng.,  toL  W,  IMW,  p.  Gil.   Chanot  ragardj  CbJi  orlgtai  aa  ver;  genanL 

•  ;,  IS.  van  Benunclui,  C.  HoltMiiia,  and  E.  A.  Klobble,  Zflttacbr.  BDnrg.  Chemia,  voL  33,  IBOO,  p.  W. 
Anal^b^O. UoUvucharaiiie.   ThepboBpturicaoUoltbamtMioMtatbabitinMloaofTtTiuilta. 

97270°— Bull.  616—16 84 
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Ca 

Fe 

K    .  - 

AljO, $.3 

01 15.2 

.  10.9 
.  207.6 
.    1S.0 


From  wateiB  of  this  kind  deposits  are  formed  under  swatnps  and 
boga  as  an  impervious  hardpan,  and  also  frequently  in  lakes  or  ponds. 
Hieir  formation  ia  sometimes  rerj  rapid,  and  instances  are  cited  by 
A.  Geikie  ^  of  Swedish  lakes  in  which  layers  of  bog  ore  several  inches 
thick  accumulated  in  the  course  of  26  years.  According  to  N.  S. 
Shaler,'  bog  ores  are  most  abundant  along  the  margins  of  swamps, 
and  often  wanting  at  the  centers.  When  the  waters  deposit  their 
load  in  presence  of  much  carbonic  acid  or  decaying  organic  mat- 
ter, the  carbonate,  aiderite,  is  laid  down;  but  where  the  ur  has  free 
access  limonite  is  produced.  In  muddy  wat«ra  the  silt  goes  down 
with  theiToncompoundB,fonningclay  ironstone;  and  the  black  band 
ores  of  the  coal  meaaures  represent  what  was  once  a  carbonaceous 
mud.*  In  many  cases  the  decomposition  of  ferrous  carbonate  solu- 
tions is  effected  or  aided  by  the  so-called  "  iron  bacteria,"  which  absorb 
the  iron  and  redeposit  it  later  as  ferric  hydroxide.*  These  oi^anisms 
are  found  in  the  ground  water  and  the  soil.  From  sulphate  solutions 
the  iron  may  be  precipitated  by  carbonates,  phosphates,  or  by  organic 
matter  contained  in  admixed  waters.  Ferrous  sulphate  first  oxidizes, 
yielding  ferric  hydroxide  and  insoluble  basic  salts. 

Beds  of  limonite  sometimes  represent  a  different  mode  of  origin 
from  those  just  described.  K.  A.  F.  Penrose  *  suggests  that  in  some 
cases  limonite  has  been  derived  from  ^auconite  by  a  process  of  alter- 
ation. It  may  be  formed  by  paeudomorphous  replacement  of  lime- 
stones, when  solutions  of  iron  compounds  percolate  through  them.* 
Ferriferous  limestone,  also,  may  yield  residuary  deposits  of  limo- 

>  Tsit-boak  of g«Iog7, 4th  ed.,  p.  1S7. 

■  Tenth  Ann,  Repl.  U.  B.  OeoL  Bamy,  pU  1,  IMO,  p.  SOS. 

•  The  liCeratuie  ot  theae  ore>  Is  ver;  abundaiit  md  TolnmfnoDC.  See  npeoUlr  F.  U.  Bt^iO,  ZdtMlir. 
Deutsdi.  ged.  Q«Kn.,  vol.  is,  1865,  p.  M:  J.  6.  NCTrb«rrr,  School  of  Ufawa  Qnarl.,  ToL  3,  ISW,  p.  1; 
H.  SJSgnni,  NeOM  jHhrb.,lsg3,  Bud  3,  p.  373,  nf.:  J.  H.  L.  Vogt,  ZattaAr.  pnkt  OeolcgiB,  IBM,  p.  30,  aad 
imb,  p.  38;  O.  KclDdsn,  VerhandL  Akad.  WM.  AnuWdun,  no.  3,  voL  S,  No.  B;  A.  OMrtur,  Anil. 
Vcr.  UeokloihurE,  voL  ei,  IW7,  p.  ISftni  1.  U.  van  BemmekD,  ZdtKiir.  anoiB.  CbemlB,  tdL  31,  ISOO, 
p.aiS.    OntheoiighiotboglronaraKaalaoE.  I.  MooT«,Eool).aeolog7,  vaLE,lBia,p.fi2g. 

•  See  Van  Bemmeleii,  Joe  dt.;  O.  Tolomel,  ZeltBchi.  taun-  Chamle,  voL  I^  UH,  p.  KB;  and  authcritiea 
eltcdbTC.R.VanB]sa,AtnatlNonii>gtan]orphliiii:  ICoo-U.B.  G«ol.  SurTo;,T<il.  «7,lm,p.83S.  A1h> 
E.  U.  Uomltri],  Igor.  Cham.  Boc,  vol.  103,  IBU,  p.  MS. 

'Ann.  Rapt  Oed.8amr  AA>uas,mL  I,  isga,p.  134.  Ssa  alw  L.  Caynu,  Compt.  Btml.,  mL  14^ 
lW«,p.8SS. 

•  BotI.  P.  EiiDbaIl,Am.JoiiT.8oL,SdHC.,n>LU,  IWl.p.m.  8«e  abo  C.  W.  Ham,  Tnu.  Am.  bM. 
lUn.  Eng.,  vd.  tO,  IMO,  p.  40S:  Ham  and  E.  C.  Eokel,  Bull.  U.  B.  Oeol.  Burvo;  No.  US,  IDIM,  p.  lit;  Utd 
a.  W.  HcCaUk,  BolL  No.  Ifr-A,  OeoL  Borvar  Oeo^la,  IMO,  p.  10,  (m  tba  mm  on*  of  that  State. 
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nite,  the  oxidation  of  ferrous  carbonate  and  the  solution  of  calcium 
carbonate  going  on  at  the  same  time,  l^e  Clinton  ores  are  regarded 
by  A.  F.  Fo^^te  ^  as  fonaed  by  the  replacement  of  lime  in  bryozoan 
remains;  although  C.H.Smyth*  has  shown  that  in  the  oolitic  varie- 
ties each  spherule  is  made  up  of  concentric  layei?  around  a  nudeua 
of  quartz.  He  ai^es  that  the  ores  were  deposited  in  the  shOal  waters 
of  ^e  Silurian  sea,  presumably  upon  a  sandy  bottom.  -  The  essential 
process,  however,  precipitation  from  solution,  whether  by  oxidation, 
by  o^anic  matter,  or  by  carbonate  of  lime,  is  the  same  in  all  casee. 
The  iron  was  dissolved,  in  the  first  instance,  from  femiginotis  rocks, 
and  then  thrown  down  by  any  one  of  the  several  reactions  indicated. 
The  iron  ores  of  eastern  Cuba  *  are  essentially  lateritic  in  character, 
being  residues  from  the  decomposition  of  serpentine,  and  the  same  ia 
true  of  the  Clealum  ores  in  the  State  of  Washington.* 

The  precipitated  hydroxides  of  iron  vary  much  in  character  and 
appearance,  and  their  exact  chemical  naturo,  despite  the  plausible 
formula  assigned  to  some  of  the  minerals,  is  by  no  means  clear.  In 
color  they  range  from  yellow  through  various  shades  of  brown  and 
red,  and  in  texture  they  differ  as  widely.  J.  M.  van  Bemmelen  * 
r^ards  them  as  colloidal  complexes  of  ferric  oxide  and  watra,  to 
which  chemical  formulae  are  not  properly  applicable;  and  the  same 
view  is  held  by  him  concerning  the  humus  acids  and  the  so-called 
ferrohmnates.'  According  to  P.  Nicolardot,'  however,  whose  inves- 
tigation is  most  recent,  ferric  hydroxide  exists  in  at  least  six  modi- 
fications which  differ  in  their  physical  and  chemical  properties  and 
in  their  content  of  water.  They  are  all,  he  says,  polymers  of  the 
simplest  hydroxide. 

From  what  has  been  said  in  the  preceding  paragraphs,  it  is  evident 
that  the  composition  of  sedimentary  iron  ores  must  range  betwe^a 
widely  separated  limits.  They  may  be  mainly  ferrous  carbonate, 
either  crystalline  or  amorphous,  or  principally  limonite  with  all  sorts 
of  admixtures  of  other  substances.  The  following  analyses  of  bog 
ore,  "  raseneisenstein, "  from  Ederveen,  are  given  in  the  memoir  by 

■  Am.  lour.  BoL,  Sd  scr.,  voL  41, 18B1,  p.  38. 

■  Idem,  vd.  43, 1993,  p.  487. 

•  See  A.  C.  SpoDBir,  BolL  U.  8.  OeOL  Survey  No.  340,  ItOS,  p.  818;  C.  U.  Weld,  BoU.  Am.  Imt  Uhi. 
Sns-  No.  33,  ISO),  p.  U9;  C.  E.  Ldth  and  W.  J.  Uead,  Idem,  No.  a,  mi,  p.  317.  The  bet  bnUattn  sod- 
Udi  Ave  oUur  pepcn  on  tfae  Cubui  nee. 

•  See  O.  0.  Smith  ODd  B.  WltUs,  Train.  Am.  tint.  Mn.  Eng.,  rA  30,  ISOl,  p.  SU. 

'  Beo.  tnv.  chlm.,  voL  7, 1S8S,  p.  100;  vol  18,  ISK,  p.  »;  Zettsdir.  anorg.  Chemle,  voL  X,  IM,  p.  ISO, 
vol.  22,  ISOO,  p.  313.  ToL  42,  IIXM,  p.  28L  Abo  J.  U .  van  Bemmelenukd  E.  A.  Kiobbla,  Jour.  pnkL  Chemto, 
2d  aa..  vol.  46, 1»3,  p.  638. 

>  See  also  W.  SprliiK,  Bull.  And.  ro;.  aCL  Belglqne,  3d  ter.,  ToL  34,  IW7,  p.  ETB,  on  the  rebtkni  of  homin 
to  ban  In  mlnn]  waters,  alicadr  dted  om  p.  SOt,  ante.  The  same  labjeot  has  leoaatly  been  illimaiiiil  by 
O.  Aadun,  Zataia.  mukt.  OeoloRle,  vol.  IS,  1S07,  p.  S«. 

'AimaIeichlm.^rt.,Mbier.,vDl.(t,190s,p.  334.  Nkmlardot dtea  mac; nleroKee to  lornur innsUga- 
tton  upcm  the  jnclpKatad  hydnuddea.  Bee  also  Otto  Roll,  Boi.  Deotich.  tbtm.  OeMlL,  vol.  34, 1)01, 
p-na. 
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J.  M.  van  Bemmeleii,  C.  Hoit6em&,  and  E.  A.  Elobbie.'  These  TarUr 
tioDS  aie  Bhown  in  ore  from  a  single  locality,  and  Uie  sobstancee  men- 
tioned are  mostly  crystalline.  The  Fe,0,  represents  the  amorphous 
Tariety. 

Analyfe$  of  bog  ore. 


A.BjO.VMadm.    B.  Sr  E.  A.  Kkbblt.    C.  By  F.  U.  Jl|«r.    D. 

ByCH.  Kjttow. 

■ 

A 

B 

C 

■D 

F8J5 

10.58 
20.77 
4.04 
2.27 
.17 
4.30 

2.49 
37.70 

.67 
4.4« 

.10 

■"■i.'75' 

8.0 

■"■i"6' 
""i'g" 

4.10 

L78 

CaSO.  * 

.07 
.93 
.03 
.23 
[49.30 
1.67 
3.68 
2.06 

.21 

Tnice. 

Trace. 

.82 

60.02 

.08 

.95 

1.12 

Kffl*". ;;::::::::::::::::::::::::■■■ 

Tnce 

Band          *            

Wfi  ignition 

100.00 

100.32 

99.7 

100.56 

The  subjoined  analyses  of  limonitic  bog  iron  from  Mittagong, 
Australia,  are  cited  by  A.  Liversidge.'  Iliey  are  quite  different  from 
those  shown  in  the  precedii^  gi*oup. 

ATialytei  0/  Atutralian  boff  ore$. 


Fefi. 68.37  67.61 

AIA ^-63  24.30 

MnO Trace.  6,41 

MgO Trace.  Trace. 

C»0 Trace.  Trace. 

SiOj 14.10  

PjO, Trace.  Trace. 

80.. Trace.  Tnce. 

H,u,  hygroscopic 3. 00  1. 20 

HaO,  combined 9.72 


74.71 

3.04  ' 

Tnce. 

.43 

Trace. 

10.10 

Trace. 

Tnce. 

2.20 

9.70 

100.18 
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MANOAITESB   OBES. 

Manganese,  like  iron,  is  also  dissolved  out  from  the  crystalline 
rocks,  in  which  it  is  almost  inrariably  preeent,  and  by  the  same  agea- 
<aee.  It  may  go  into  solution  as  sulphate,  or  as  carbonate,  to  be  rede- 
posited  as  carbonate,  oxide,  or  hydroxide,  under  raiious  conditions 
and  in  a  variety  of  forms.  A  deposition  as  dioxide,  hydrous  or 
anhydrous,  is  very  common  and  is  often  seen  in  the  dendritic  infiltra- 
tions which  occur  in  many  rocks  and  in  the  black  coatings  which  some- 
times cover  river  pebbles  or  surround  manganiferous  mineral  springs. 
Nodulee  consisting  chiefly  of  manganese  dioxide  are  abundant  on 
the  bottom  of  the  deep  sea,  as  described  in  a  previous  chapter,' 
and  similar  nodular  forma  have  been  observed  tliat  were  of  recent 
terrestrial  origin.  May  Thresh  *  discovered  small  hard  black  nodules 
resembling  seeds  in  the  bowlder  clay  of  Essex,  Englapd;  and  similar 
bodies  were  found  by  W.  M.  Doherty  *  on  the  surface  of  the  ground 
in  Australia. 

Manganese  differs  from  iron,  however,  in  its  d^;rees  of  oxidation. 
Ferrous  oxide  and  hydroxide,  as  such,  are  unknown  in  nature;  but 
manganosite,  MnO,  and  pyrochroite,  Mn(OH)„  are  well-known  min- 
erals. Manganite,  Mn,0,.I^O,  corresponds  in  type  with  goethite 
and  diasporej  and  hausmannite,  Md,0„  is  the  equivalent  of  magnet- 
ite, although  the  two  species  are  crystalli^aphically  unlike.  Foliar 
nite  and  pyrolusite,  two  crystallized  forms  of  the  dioxide,  MnO„  are 
not  matched  by  any  compound  of  iron,  and  this  oxide  forms  the 
chief  manganese  ore.  Braunite,  to  which  the  formula  3Mn,0,.MiiSiOi 
is  assigned,  is  also  a  crystallized  mineral,  but  its  composition,  as 
shown  by  analyses,  is  somewhat  variable.  The  hydrous  psilomelane, 
of  uncertain  constitution,  is  often  associated  with  pyrolusite,  and 
allied  to  it  are  many  varieties  which  have  received  distinct  names. 
These  latter  ores  are  amorphous,*  and  probably  represent  colloidal 
complexes,  such  as  were  mentioned  in  connection  with  the  sedimen- 
tary ores  of  iron.  The  foUowiiig  analyses  represent  substances  in  this 
dass,  ranging  from  the  crystalline  pyrolusite  to  the  earthy  wad,  or 
bog  manganese,  the  cupriferous  lampadite,  etc. 

■  Bee  p.  134,  ante. 

•  Jour.  Chun.  Soc.,  ToL  83,  pt.  1,  nf.  M7,  IMS; 

•  Kept.  AuatnlBsIan  Aasoc.  Adv.  Scl.,  ISSS,  p.  338. 

•Aooordlnt  to  A.aorEMl<BulL  Socmln.,  voL  13,UBD,p.3T),tb«nTiaty  knownuwad  lasoDMUmas 
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Analyta  ofmanganae  era. 

A.  P7rolmit*,Crlmonmliw,AiifaitaConiity,  vlnfulB.  AntjA  b;  f.  L.  Jonn,  Am.  Cbm.  Jour., 
ToL  II,  1881,  p.  30. 

B.  Pdkm^ma.DMrSllnrClUt.Coteada.  AnaljRita  br  W.  r.  ElQstnnd,  BnlL  D.  B.  OttiL  Sdrvaj 
Ho.  Z»,  IBOS,  p.  33. 

C.  PilloiiMltii>,Bonmiteh»,yi«De«.  Aul7ikbrA.aorEaa,BDlL8oc.mlii.,ToLlS,i8W,p.n.  Partlr 
noatodlitad  from  tha  origbul. 

D.  w*d,  Bonunhiha,  Pnnot.  Aualjnli  by  Qotgaa,  Idam,  p.  37.  Partly  noalmklML  Onrgtaftrtm 
suny  KttlyHa  of  natnnl  Dxldta  md  hyaraxMo  ot  mmgwuML  8«e  BoU.  Boo.  mia.,  toL  11,  UM,  p.  XI; 
vol  IB,  isae,  pp.  M,  U3.    Aln  Bnll.  Boo.  ohtm.,  M  an.,  ToL  B,  UBl,  pp.  IM.flSO. 

E.  Vnrfcita,  AosUnTlUa,  Wythe  County,  VfrgbifL  Analyili  by  F.  B.  WtSkm,  Am.  Cfaam.  Jom., 
tdL  10, 1880,  p.  41. 

[>r  lepldopbiBlte,  Eunsdorl,  Tburbigia.    Analyiii  by  leoUnj,  Isr  A. 
D,  Band  3,  p.  lOB.   Thla  mtawral  shows  txcaptlonally  high  hydration. 
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Asbolite  is  an  earthy  psilomelane  contuning  much  cobalt,  which  is 
a  comnioQ  impurity  in  manganese  ores.  Barium,  as  shown  in  the 
analyses,  is  also  a  frequent  constituent  of  them.  The  crystalline 
hoUandite,  described  by  L.  L.  Fermor/  contains  both  barium  and 
iron,  in  addition  to  the  manganese.  Coronadite,  an  oxide  of  man- 
ganese and  lead,  described  by  W.  lindgren  and  W.  P.  Hillebrand,* 
is  a  mineral  of  similar  character.  The  minerals  of  this  class  are 
commonly  interpreted  as  manganites,  that  is,  as  salts  of  manganoua 
acid.    Their  definiteness  is  questionable. 

These  sedimentary  ores,  and  the  similar  ores  produced  by  the  altersr 
tion  of  manganiferous  minerals,  have  diverse  origins.     F.  R.  Mallet  ■ 

■  Bag.  OaoL  Sorvay  India,  vol.  M.  1908,  p.  2U.  Vol.  37  of  tba  Uamdn  ot  tbanma  Burrey,  IMS,  In  (Our 
parU,  la  m  aihausUva  mongnpb  hy  fermor  on  lh<  maneaiMSB  ar«  ol  India-  En  It  ba  dBSrlba  n  new 
qwdM  tbraa  otbar  mlied  oxides  ol  manCBiMBB  and  iron,  to  vriildi  he  glvn  tha  nainw  TTedwbnictta,  aUa- 
parita,  and  b^dongrlla. 

*  Am.  Jour.  Bd.,  4th  Mr.,  toL  18, 1«M,  P.44S. 

•  Seo.  OeoL  Surrey  India,  vol.  13,  isn,  p.  W  voi.  10, 188S,  p.  IIS. 
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has  observed  lateritic  pyrolusite  or  psilomelane  as  an  integral  portion 
of  some  Indian  laterites.  The  manganese  ores  of  Queluz,  Brazil, 
according  to  O.  A.  Derby/  are  residual  deposits  derived  from  rocks 
in  ^riiich  manganese  garnet  was  the  most  constant  and  characteristic 
mUcate.  Bog  or  swamp  deposits  are  common,  and  so,  in  short,  the 
sedimentary  and  residual  ores  of  iron  are  very  fully  paraUded.  Only 
iha  gossan  ores  have  no  true  manganic  equivalent.  The  sulphides 
of  manganese  are  relativdy  rare,  and  their  oxidation  products  occur 
only  in  sporadic  cases.* 

Mai^anese  and  iron,  then,  are  dissolved  out  from  the  rocks  by  the 
same  reagents,  at  the  same  time,  and  in  essentially  the  same  way. 
They  are  redeposited  under  similar  conditions,  but  not  absolutely 
U^ther,  for  a  separation  is  more  or  lees  perfectly  effected.  True, 
nearly  all  limonitee  contain  some  manganese,  and  nearly  all  psilome- 
laues  contain  some  iron;  but  in  very  many  cases  the  ores  of  the  two 
metals  are  thrown  down  separately.  How  is  the  separation  brought 
about  1  To  this  question  various  answers  have  been  su^eeted,  but 
only  two  or  three  of  them  have  any  modem  Bignificance. 

According  to  C.  R.  Fresenius,*  who  haa  analyzed  the  deposits 
formed  by  the  warm  springs  of  Wieebaden,  the  iron  is  precipitated 
first  as  ferric  hydroxide.  The  manganese  of  the  water  remains  in 
solution  much  longer  as  bicarbonate,  and  is  finally  laid  down  as  car- 
bonate as  an  impurity  in  calcareous  sinter;  that  is,  solutions  of 
manganese  carbonate  are  more  stable  than  solutions  of  ferrous  car- 
bonate, and  the  manganese  is  therefore  carried  farther.  A  partial 
separation  of  the  two  metals,  from  the  same  solution,  is  thus  effected. 

The  thermochemical  argumente  of  L.  Dieulaf  ait  *  are  quite  in  har- 
mony with  the  forgoing  observations,  and,  indeed,  help  to  explun 
them.  These  ai^uments  rest  upon  the  general  principle  .that  when 
several  reactions  may  conceivably  take  place,  that  one  which  is 
attended  by  the  greatest  evolution  of  heat  will  occur.  The  thermo- 
chemical equations  used  by  Dieulaf  ait  are  as  follows: 

2FeO + O  -  Fe,0,  +  26.6  Cal. 
2MnO  +  20  =  2MnO,  +  21.4  Cal. 

1  An.  lom.  BoL,  4th  Hr.,  rol.  12, 1901,  p.  18. 

•  A  Ttr;  tot]  mooagniph  oa  maogaatw  ons,  bj  B.  A.  T,  PmnM,  forms  vol.  1  of  the  Annual  Kapifft  ot 
tba  Arkaiuw  Oaoloclal  Bmrey  for  USQ.  SMaboanwtldabjPanioM,  Jour.  Geology,  vol.  1, 1891,  p.3H. 
J.  D.  Wob  hH  nfxstad  en  the  miingiiWB  dqxialta  of  Uu  Unllwl  BUta  In  lUnsBl  ReaoDrOM  V.  B.  fv 
im,  V.  B.  a«oL  Bamj,  IMS,  p.  171.  T.  L.  Watson  (Tianc.  Am.  Ion.  Uln.  Eag.,  vol.  24,  IIKM,  p.  KIT) 
IiM  imaOsai  the  mHWUHm  una  of  Oaotila.  The  mangwiw  on  ol  OolooDda,  Nevada,  irhlefa  ODUtsIni 
tmigatai.lBlatapratodbr  P«iraa»  (Jam.  Oaolocy,  voL  1,  iaa3,p.2TE}upnilMUj  aiprlngdqMalt.  On 
thaearbODaMOHaof  LaBCatMaata.In  th*P7r«anH,»eC.  A.  ICmlnE.Trans.  Inat.lCln.  UM.,td1.  1, 19M, 
p.  m.  Sot  abo  I.  H.  L.  Vogt,  ZtiUtebz.  pnkt.  Oeologle,  igos,  p.  217,  tor  an  ebborate  paps-  on  bog  pum- 
lannan  BnlL  427  of  the  U.  S.  OeoL  Smrer,  1919,  b  a  nt>'>'t  hj  E.  C.  Harder  on  the  manganes*  ores  ol  tba 
Unltad  Stales. 

■CKed  by  O.  Bbdtol,  LdnboA  dar  diMDbdMa  und  physlbllMluD  Oaologle,  2d  ad.,  vd.  1,  p.  MO. 

<  Oompt.  Rend.,  vol.  IDl,  lOt,  pp.  SM,  S«4,  ST«. 
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Hence,  if  oxygen  acts  on  a  mixture  of  FeO  and  MnO,  or  upon  sub- 
Btances  equivalent  to  them,  ferric  oxide  will  form  fiist  and  be  the 
more  ataUe. 

FeO + CO,  -  FeCO,  +  6.0  Cal. 
MnO+CO,=MnCO,  +  6.8  C«l. 
When  carbon  dioxide  unites  with  these  oxidea,  then,  the  manganese 
compound  will  form  first  and  be  the  more  stable.  If  oxygen  and 
carbon  dioxide  act  together  in  considerable  excess,  Fe,0,  and  MnO, 
will  both  be  formed;  but  if  they  act  slowly,  in  small  quantities,  the 
ox^^  will  go  to  produce  FcjO,,  and  MnCO,  can  be  generated  at 
the  same  time.  The  manganese  carbonate,  being  someviiat  soluble, 
may  then  be  eeparated  from  the  ferric  oxide  by  leaching,  either  to 
be  deposited  as  carbonate,  or  perhaps  to  be  oxidized  to  MaO,  and 
CO,  later. 

In  the  last  of  Dieulafait's  papers  he  gives  the  heat  of  formation 
of  several  manganese  compounds: 

Mn+S,  22.6  CaL 

Mn  +  0,  47.4  Cal. 

Mn+0  +  C0„     54.2  Cal. 

Mn  +  0„  58.1  Cal. 

From  these  figures  it  appears  that  the  dioxide  is  the  most  stable 
compound  in  the  series;  it  is  therefore  the  easiest  formed,  and  is  the 
principal  manganese  ore.  The  thermochemical  and  geolo^cal  data 
are  in  complete  harmony. 

It  is  more  than  probable,  as  F.  P.  Dunnington  *  has  shown,  that 
manganese  sulphate  plays  an  important  part  in  the  separation  of 
the  two  metals.  He  has  proved  experimentally  that  acid  solutions 
of  ferrous  sulphate,  such  as  are  formed  by  the  oxidation  of  pyrites, 
will  dissdve  manganese  oxides  to  a  very  marked  extent.  At  the 
same  time  ferric  sulphate  and  ferric  hydroxide,  under  favorable 
conditions,  may  also  be  formed.  In  contact  with  manganese  carbon- 
ate, in  presence  of  air,  ferrous  sulphate  is  rapidly  oxidized,  pro- 
ducing manganese  sulphate,  ferric  hydroxide,  and  carbon  dioxide. 
Both  sulphates  of  iron  react  with  calcium  carbonate,  and  the  ferric 
salt  generates  carbon  dioxide,  ferric  hydroxide,  and  calcium  sul- 
phate. Manganese  sulphate  acts  but  little,  if  at  all,  upon  calcium 
carbonate,  if  protected  from  access  of  air;  in  presence  of  air,  how- 
ever, manganese  oxide  is  gradually  formed. 

From  these  reactions  it  is  easy  to  see  that  limestones  may  be  impor- 
tant factors  in  the  separation  of  manganese  and  iron.  Where  sul- 
phates of  the  two  metals  percolate  through  limestones,  the  iron 
will  be  by  far  the  more  easily  precipitated,  while  the  manganese  will 
remfun  in  solution  until  it  is  exposed  to  both  air  and  calcium  carbon- 
ate simultaneously. 

1  Am.  Jour.  Sd.,  Sd  Mr.,  T(ri.  M,  1888,  p.  m. 
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CHAPTER  XIII. 

SEDIMENTAKT  AND  DETRITAL  ROCKS. 
SANDSTONES. 

By  pressure,  or  by  the  injection  of  cementing  materials,  the  prod- 
ucts of  rock  decomposition  may  be  reconsolidated.  From  the  aanda 
sandstones  are  formed;  ^m  tjie  clays,  shales  are  derived;  and  cal- 
careous deposits  yield  the  limestones.  These  rocks  shade  into  one 
another,  through  intermediate  gradations,  and  exhibit  the  same  varia- 
tions in  composition  that  are  observed  in  sands  and  soils.  Their 
classification  depends  upon  their  typical  forms,  and  their  modifica- 
tions are  indicated  by  a  simple  nomenclature.  Such  terms  as  cal- 
careous sandstone,  argillaceous  limestone,  and  sandy  shale  explain 
themselves,  for  they  are  clearly  descriptive.  Although  not  rigorous, 
they  are  sufficient  for  most  practical  piuposee.* 

A  sandstone  differs  chemically  from  a  sand  chiefly  in  the  addition 
of  a  cementing  substance.  This  is  furnished  by  percolating  waters, 
or  else,  in  certain  cases,  by  the  slight  solution  of  the  moist  surfaces 
of  mineral  particles  in  contact  wit^  one  another.  Any  substance 
which  the  waters  can  deposit  in  a  relatively  insoluble  condition  may 
serve  as  a  cement.  Such  substances  as  silica,  calcium  carbonate, 
hydroxides  of  iron  and  aluminum,  calcium  sulphate,  phosphate,  and 
fluoride,  barium  sulphate,  etc.,  fulfill  this  condition.  Clay  and  bitu- 
minous substances  also  act  aa  cementing  materials.  Tha  additions 
thus  made  to  a  sand  may  be  small  in  amount  or  even  very  lai^e,  some- 
times equaling  in  quantity  the  cemented  particles.  Such  an  extreme 
case  is  furnished  by  the  well-known  Fontainebleau  calcites,  which 
have  crystallized  around  sEind  and  contain  sometimes  50  per  cent  of 
calcium  carbonate,  A.  von  Morlot '  reports  crystals  from  this  locahty 
containing  58  per  cent  of  sand,  and  others  with  as  high  as  95  per 
cent.  Analogous  crystals  from  the  Badlands  of  South  Dakota,  de- 
scribed by  S.  L.  Penfidd  and  W.  E.  Ford,*  contain  approximately 
40  per  cent  of  calcite  to  60  per  cent  of  sand.  These  are  mixtures  of 
sand  and  calcite  in  which  the  crystalline  form  of  the  latter  has  been 
perfectly  developed.  Gypsum  crystals  containing  sand  up  to  48.58 
per  cant  have  been  found  on  the  Astrakhan  steppe,  according  to 
B.  Dofis,*  who  also  mentions  gypsiferous  sandstones.    Crystals  of 


7iocka,s«eA. 
,Tcd,  3,  lM9-<7.p.  107. 
'  Am.  Jour.  Sd.,  4tli  aer,,  vol.  ft,  1900,p.  3S2. 
•  ZdtactiT.  DcutMb.  gMJ.  Qoell.,  vcri.  t9,  ISVl,  p.  U 
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baiite  inclosmg  sand  are  also  well  known.  J.  E.  Pogue  '  has  described 
cryBtallized  barite  inclosing  44  to  53  per  cent  of  sand  from  the  oasis  of 
Khai^a,  Egypt;  and  H.W.  Nichols  *  reports  similar  material  fooud  in 
Oklahoma.  As  a  rule,  however,  the  cementing  material  of  a  sand- 
Btone  is  subordinate.  Between  a  sand  and  a  sandstone  the  difference 
in  composition  is  goierally  slight  and  may  be  almost  inappreciaUe. 

When  mlica  serves  as  the  cementing  substance,  it  may  assume 
either  the  amorphous  or  the  crystalline  form.  In  the  latter  case  t^e 
quartz  fr^ments  often  exhibit  a  secondary  enlaigement  and  become 
tiie  nuclei  of  distinct  quartz  crystals.'  As  amorphous  silica  it  simply 
fills  the  interstitial  spaces  of  the  rock  and  binds  the  sand  grains 
together.  These  spaces  or  pores  vary  in  mi^itude,  and  may  make 
up  a  considerable  portion  of  the  tot^  volume  of  a  rock.  According 
to  G.  F.  Becker,*  the  interstitial  space  in  a  sandstone  made  up  of 
closely  packed  spherical  grains  amounts  to  25.96  per  cent.  C.  R. 
Van  Hise  '  estimates  the  minimum  pore  space  at  24  per  cent,  and 
claims  that  it  may  be  much  greater,  llie  character  of  the  rock  pro- 
duced by  the  consolidation  of  such  a  bed  will  obviously  depend  upon 
the  extent  to  which  the  cementing  material  has  filled  the  interstitial 
spaces.  One  sandstone  is  loosely  compacted,  another  is  solid,  and  by 
tiiorough  silidfication  the  rock  may  become  transformed  into  a  hard, 
vitreous  quartzite.  In  an  ordinary  sandstone  tlie  fracture  is  around 
the  grains;  in  a  quartzite  it  is  just  as  likely  to  be  across  them. 

After  silica,  and  often  with  silica,  the  commonest  cements  of  aand- 
fitione  consist  of  carbonates.*  Calcium  carbonate  is  the  most  abun- 
dant salt  derivable  from  percolating  waters,  and  is  ea^y  deposited 
therefrom;  hence  its  frequency  in  the  sediments,  even  in  those  which 
were  not  laid  down  in  proximity  to  limestones.  Calcareous  sandstones 
are  exceedingly  common,  and  at  the  other  end  of  the  series  arena- 
ceous limestones  are  not  rare.  Hie  following  analysis  of  a  greeni^ 
sandstone  from  Lohne,  Westphalia,  by  W.  von  der  Marck/  may 
illustrate  the  complexity  of  these  mixtures. 

■  Proo,  n.  S.  Nat.  Vm.,  v<d.  38, 1»I0,  f.  17.    P(«1M  gins  >  good  list  Df  othv  oanmvuia. 

•  Pub.  No.  Ill,  rwd  Cfdnmblan  lliu.,  I9i»,  p.  SI. 

•  SmA.  Knqi,  Niocs  Jahib.,  lST4,p.  2S1;  A.  S.  TSmabcbii],  Neuas  Jahib.,  lS77,p.  210;  &.  C.  S0)l>7, 
Quart.  lour.  Gcot.  Boo.,  tal.  38,  ISSO,  Proe.,  p.  40;  A.  A.  Young,  Am.  Jour.  Bd.,  Sd  »r.,TOl.  U,  U83,p.  4T; 
B.  D.  iTTtng  uid  C.  R.  Van  HIn,  Bull.  U.  a.  0«at.  Sarvay  No.  g,  ISU;  Irrliig,  Flftb  Ann.  Bvt.  XJ.  S.  0«oL 
SiirT<7,  Iggs,  p.  318.  "CiT3tB]IIiad  sanda"  from  Peru  are  mcntloDed  by  L.  Cramlar,  Annalis  del  mlMa, 
Ith  Stf.,  vol.  3, 1S52,  p.  5;  and  A.  Daubrfie  (ttudea  srnch«tlquu  de  giMogla  expirlmantala,  pp.  39S-3SD) 


<  Hon.  n.  B.  Qeol.  B-anty,  vol.  13,  1S88,  p.  309. 

•  Idem,  vol.  17,  IMH,  p.  863. 

•  Caldum  carboaata,  up  to  nearl;  30  par  cent.  Is  the  cemanttog  EnbstanM  al  the  miditcne  raati  faond 
(D  tlM  coast  o(  BcailL  See  the  lmp«tuit  mmi^rapb  b;  J,  C.  Bnumar,  which  forma  mL  M  d  BdIL 
Uds.  Comp.  Zool.,  1004.    Biannat  mentlma  similar  reels  In  the  Larant. 

'  Verfaandl.  Natiirhlat.  Vo.  preuas.  Rhelnlande  u.  WestCaleOB,  vol.  12,  IBK,  p.  201.  Uatir  otbv, 
■bnUar  analysea  a»  gtvan.  O,  BIschof  (Lehrbuch  der  chemlaehep  und  phfalkalischan  QaologiB,  Sd  ad., 
▼ol.  S,  pp.  lST-149)  gfvea  abundant  data  upon  the  cementlDg  materlali  ot  sandaloDei.  In  analyna  at 
ttasse  rocld  It  Is  oonunoBl;  aaaamed  that  tbe  portion  aolublB  In  bydrochlc^e  add  belong  vboll;  to  the 
oemant.  ThlsIapiolAbly tn»lnmostca»a,buti>DtBlwaLys.  Soluble mlnaiaii ma; ooou 
among  Itfl  granular  components. 
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Atwfytii  o/tmdOoMfnm  ffutpftoita. 

CkCO, 3B.60 

MgCO, 7.23 

FoCO, 7.H 

CaJ'A 3.90 

Peio, 82 

AlA 2.12 

/BiO» 36.65 

,A1^, 91 

K^O 03 

HiO 62 

W.32 
In  thia  analysis  calcium  phosphate  appears  among  the  cementing 
substances,  and  many  other  examples  of  its  occurronce  under  like  con- 
ditions are  known.  Phosphatic  sandstones  from  Perry  County,  Ten- 
nessee, have  been  described  by  C.  W.  Hayes,*  and  also  a  phoephatic 
breccia.  In  these  roeks  the  calcium  phosphate  forms  the  matrix  of 
the  sand  graios.  In  a  brown  sandstone  from  Kursk,  Russia,  C.  Claus  ■ 
found  13.60  per  cent  of  P,Ot,  equivalent  to  22.64  of  CB«P,Og.  In  the 
game  sandstone  4.98  per  cent  of  calcium  fluoride  was  also  present. 
Calcium  fluoride  has  also  been  reported  by  W.  Mackie  *  as  a  cement- 
ing material  in  a  Triassic  sandstone  from  Elginshire,  Scotland — in 
one  specimea  as  much  as  25.88  per  cent.  These  flguree,  of  course, 
represent  exceptional  samples — concentrations,  so  to  speak;  in  ordi- 
nary cases  the  cementing  compoimds  are  foimd  in  small  amounts. 

Barium  sulphate  has  repeatedly  been  observed  as  a  cement  in 
sandstones.  F.  Clowes  *  has  destribed  specimens  containing  from 
28.20  to  60.06  per  cent  of  BaSO«.  Clowes  si^geets  that  t^e  barite 
was  probably  formed  in  situ,  by  double  decomposition  between 
barium  carbonate  and  sulphates  contained  in  percolating  waters. 
Barium  has  often  been  detected  in  Uie  waters  of  mineral  springs.' 
The  barytic  sandstones,  so  far  aa  they  have  been  described,  are 
remarkably  durable,  because  of  the  insoluble  character  of  the  cement. 
Calcareous  sandstones  are  easily  disintegrated  by  weathering,  for 
t^e  carbonates  are  readily  dissdved  by  atmospheric  waters. 

Apart  from  the  cements,  sandstones  vary  in  composition  exactly 
as  do  the  sands.  A  sandstone  may  be  nearly  pure  quartz,  or  quartz 
and  feldspar,  or  micaceous,  or  glauconitic,  and  it  can  exhibit  any 
texture  from  the  finest  to  the  coarsest.  Textural  differences,  how- 
ever, do  not  concern  the  chemist.    From  a  chemical  point  of  view  it 

1  Berenteantli  Ann.  Kept.  tJ.  S.  Oeol.  Snrvef ,  pt.  2,  ISM,  pp.  G37, 13*. 

'  Iihnab.  Cbemle,  1862,  p.  WO. 

'  KBpt  Brit,  f^aaoe.  Adv.  Set.,  igOI,p.e4V.   Swabo  O.  VAa»,  Ceotialbl.  Uln.,  Oeol.  a.  Pal.,  tUM,  p.3S. 

<  Proc.  Boy.  Boa.,  vol.  «,  18»,  p,  3a%  vol,  U,  ISH,  p.  374.  Sn>lBa  W.  UteUe,  Bept.  Brit.  Anmi.  Adv. 
Sd.,  1901, p.  MB;  0.  B.  Vedd,  Oeol.  Ifag.,  ISM,  p.  SB:  and  G.  C.  Iloon,  Proc.  Lfvwpool  Oflol.  Boo.,  tdL  S, 
USSiP.Ml.  Ucxm  glrce  seraral  good  *nsl79es  of  nndibmea.  In  some  of  UMm  small  unoonli  of  cobalt 
•Dd  nickel  nre  [oond. 

•SeeBnta,p.m.   SeealuR.  DtaMk>mp,Natlibl.  Ver.ETdkim<Ie,4tbla'.,Hstt2l,  )MQ,p.  4T. 


640  THE  DATA  OF  QEOCHEMIBTRY. 

is  immatflrial  whether  the  Band  grains  are  coarse  or  fine,  rounded  or 
angular.  Such  rocks  as  conglomeratea,  hreccias,  arkoses,  gray- 
wackes,  etc.,  have  no  distinct  chemical  pecuharities ;  they  are  made 
up  of  detrital  mstOTial,  and  vary  from  their  parent  formations  only 
in  the  extent  to  which  their  component  fragments  have  heea  decom- 
posed and  in  the  nature  of  their  cementing  substancee.  Any  sand 
or  detritus  may  be  reconsolidated  by  any  one  of  the  cements  above 
mentioned.  When  a  mixture  of  sand  and  clay  consoUdates,  it  may 
form  an  at^laceoiu  sandstone  or  a  sandy  shale,  according  to  the 
relative  proportions  of  the  two  ingredienta.  In  such  a  sandstone  the 
colloidal  substances  of  the  admixed  day  appear  to  act  as  binders, 
their  function  being  somewhat  different  from  tjiat  of  the  cements 
d^>08ited  by  solutioDs.  Their  binding  power  is  probably,  in  most 
cases,  reinforced  by  the  addition  of  true  cements,  usually  either 
calcium  carbonate  or  silica.  By  Becondary  reactions,  due  to  addi- 
tions of  this  kind,  the  clay  substances  may  be  traiisformed  into 
other  things,  aa  shown  in  the  graywacke  of  Hurley,  Wisconsin.' 
This  is  a  detrital  rock,  which  originally  consisted  largely  of  quartz 
and  feldspar,  witJi  a  Uttle  hornblende,  and  dark  fragments  of  older 
rock  material,  held  together  by  clay.  In  the  graywacke  the  clay 
has  been  transformed  into  what  is  principally  a  chlorite,  with  sec- 
ondary quu'tz  and  some  other  minor  minerals.  The  cement,  which 
was  at  first  amorphous,  is  now  entirely  crystalline.  Metasomatic 
changes  of  this  order  are  very  common,  and  the  reactions  which  can 
occur  are  many.  With  different  detritus,  different  cements,  and  differ- 
ent salts  in  the  circulating  waters,  a  vast  mmiber  of  transfonnations 
are  possible.    On  this  subject  it  would  be  difficult  to  generalize. 

In  a  microscopic  study  of  about  ISO  psammites,  as  rocks  of  the 
sandstone  class  are  sometimes  called,  G.  Klemm  *  identified  the  fol- 
lowing substances  among  their  components:  Quartz,  feldspars,  micas, 
iron  ores,  zircon,  rutile,  apatite,  tourmaline,  garnet,  titanite,  augite, 
hornblende,  opaline  sihca,  glauconite,  carbonates  of  calcium,  magne- 
sium, and  iron,  rock  fragments,  clastic  dust,  and  clay.  Even  this  list 
is  probably  far  from  being  exhaustive.  An  arkose  sandstone  from 
the  quicksilver  r^on  of  Califomia,  made  up  of  granitic  detritus, 
was  found  by  G.  F.  Becker  *  to  contain  quartz,  orthodase,  oligoclase, 
biotite,  muscovite,  hornblende,  titanite,  rutile,  tourmaline,  and 
apatite.  In  short,  all  of  the  rock-forming  mineraJs  which  can  in  any 
way  survive  the  destruction  of  a  rock  may  be  found  in  its  sands,  ao^ 
therefore  in  the  sandstones.  The  feldspars  and  ferromagnesian  min- 
erals, however,  axe  quite  commonly  altered  or  even  removed,  Uie  more 

iDcsGilbedbr  W.  8.  Bayler  in  Bull.  U.S.  Oeol.  Survey  Ko.  150, 1896,  P.M.  ComparaC.R.  VuiHlaa, 
Am.  iMir.  8d.,  3d  la.,  Tol,  31, 1888,  p.  4fi3,  for  data  ooncernlne  othar  stnillaT  rocks  In  tbe  SUM  nslini. 

■  ZeltBdhr.  DeatMh.  geol.  OeaeU.,  vol.  34, 1882,  p.  TTl. 

■  Hon.  U.  8.  a«ol.  Surrer,  vol.  13, 18SS,  p.  M.  Several  otlier  sandstooes  are  described  by  J.  S.  DIUk 
In  BuU.  U.  B.  Oeol.  Sunre;  No.  ISO,  1888,  pp.  TZ~84. 
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stable  minerals,  like  qutu^,  being  much  more  pOTsisteut.  Quartz  is 
the  most  abundant  mineral  iu  tJiese  rocka,  while  in  rocks  of  the 
crystalline  and  eniptiTe  dasses  it  is  subordinate  to  the  feldspars. 
TixB  following  analyBes,  which,  with  one  exception,  were  all  made 
in  tiie  laboratory  of  tiie  United  States  Geological  Surrey,  will  suffice 
to  show  the  general  composition  of  the  sandstones : ' 


naiTlbad  br  J.  3.  DION, 


Analyie*  o/umdMUmet. 

X.FoOOMamtulstam.i.Wmiaait'WiaaBB^a,   Analrili by £. A 
BoH  U.  8.  OaoL  Surra;  No.  UO,  lEW,  p.  &0.    Maul;  pure  quart*. 

B.  BnnRiiaiidg(«ia,HuinmFlstowii,  PiniiEytTaiila.  Analrala  b;  Schneldv.  DMorfbad  bj' DlUar,  op. 
dt.,p.  TT.    Composad  chiefly  of  quartt,  vltb  aome  [aldapu,  kaolin,  ale.    ThaMmsit  b  iron  oxide. 

C.  FaragfaooB  nndstom,  "caMbaie,"  bom  HumtanCoQ,  Korfidk,  Kngland.  AubIj'sIb  uid  desilptka 
by  I,  A,  FUUlp*,  Qu*Tt.  loor.  OeoL  Soc.foI.  3T,  1SS1,  p.  B.  ConilsB  of  qiurti  grains  cenunled  by  liroini 
boil  oca,  vUh  rvy  tlttla  Eddspar  and  mica.    PhUlipa  abo  glTea  Sre  other  analysH  ol  Brltlib  aaudslonn. 

D.  FRHaa''andtt>a*dlke"liiSbutaCoimty,CalIEcinila.  Anatyilaliy  T.  H.Chalard.  Deecrlbadt^ 
I.  S.  DUtar,  Bon.  OmL  Soo.  America,  vol.  1, 1«W,  p.  411.  Had*  op  of  gnwti,  lehbpar,  aoil  blotll*,  vlth  ■ 
eakdta  oemvit.  Cmtalnaabaairpaillne,  t[tanlte,nugnatlti,  Hndilroon.  Otbir  "sandHtaMdlkn,"  near 
Flk«BP«ik,Cokndo,tavelMndaorlbedby W.Cron.  Tb«y probably repranlgaicbaDdiwtildi wan 
lnjaeted  Into  BcninB.    SeaaboC.  O.  Crceby,  BulL  Eoai  Init.,  tdL  17,  ISH.p.  113. 

B.  lUoMM  MDdstoM,  Ifaiant  Diablo,  Callfocnta.    Aaalyiad  and  dnorlbed  by  W.  B.  l£etT]Ua,  BoU. 
GeoL  Soc  Aiiuriea,  toL  3,  UeO,  p.  403. 
F.  Coaquslta analysk of  X>3 sandsliBiea.    By  H.II.  Btoko. 
a.  CompnatteanilyifaoISTlsBndaUinee  used  lor  bojldlnspurpoace.    By  H.  N.  Stokea. 

E.  Oraym^a,  Huiley,  Wtacotuin.  Anolyiis  by  H.  N.  Slokn.  DoMfibed  by  W,  S.  BaykBy,  BuU. 
tt.S.  OeoLBinviyNa.  UO,  iws,p.  S4.  Contains  qoarti,  Mdspan,  tion  oxldas,  aod  probatdy  kaoUn.  In 
thecamoit  anchiortta,  quarti,  nugDellla,  pyrlta,  ruUle,  aomatlma  blotlta.aud  althar  mnacorlu,  or  kaoUn. 
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A  peculiar  rock,  which  ia  sometimes  called  a  calcareous  sandstone, 
is  the  ffaiee  of  the  French  geolt^sts.    It  has  been  fully  described  by 

■  Fa  BddltkxuU  analynH,  see  Bull.  tl.  S.  Qeol.  Survey  So.  2Z8,  lOH,  pp.  3ei-3M.  W.  Wallace  ( Proe. 
FhUoa.  Soc  01a«ow,yol.  14,  lltsa,  p.  3S)  and  W.  Uackie(TTans.  Edlnboigb  GeoL  Soft.  toL  8,  lEW,  pp,  SS, 
W)  (Ive  a  number  ol  good  anal^  of  Scottlali  aandaucMa.  See  abo  C.  C.  Horn,  Fkm.  Ltnrpool  OegL 
Soc,  yoL  S,  IW8,  p.  Ml,  (cr  Ei  "  ' 
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L.  Cayetix '  as  a  siHceous  rook,  ridi  in  the  d£bris  of  siHceouB  organ- 
isms, containing  quartz  and  glauconite  cemented  by  opaJ  and  day, 
with  sometimes  chalcedony,  and  very  little  carbonate  of  Hme.  Tba 
mlica  in  gaize  ranges  from  76  to  92  per  cent,  and  a  large  part  of  it, 
75.3  -per  cent  in  the  maximum,  is  soluble  in  caustic  alkalies.  It  is,  as 
defined  by  Cayeux,  a  sedimentary  rock,  consisting  largely  of  noa- 
dastic  mKca,  and  seems  to  have  been  originally  a  marine  ooze. 

FUNT  AXD  CHHBT. 

It  is  at  once  evident  that  a  considerable  variety  of  rocks  may  be 
formed  from  uliceous  oozes,  such  as  the  radiolarian  and  diatomaceous 
oozes  of  iho  ChdUenger  expedition.  These  fine  sediments  may  be 
mixed  with  more  or  less  cU.y,  sand,  or  calcareous  matter,  shading, 
when  consolidated,  into  shales,  sandstones,  or  siliceous  limestones. 
Their  geological  relations  and  their  content  of  amorphous  or  opaline 
eolica  must  be  depended  upon  to  define  them.  In  the  same  category 
we  must  place  infusorial  earth,  which  consista  mainly  of  the  siliceous 
remains  of  diatoms;  and  such  rocks  as  flint,  chert,  and  novaculite 
fall  in  some  cases,  if  not  always,  under  this  general  classification. 
With  some  exceptions  these  rocks  are  commonly  of  ot^ganio  origin. 
The  novaculite  of  Arkansas,  however,  has  been  differently  interpreted.* 
It  is  regarded  by  L.  S.  Gtiswold  as  a  siliceous  sediment  or  silt;  in 
other  words,  as  sandstone  of  extremely  fine  grain.  No  onanisms 
could  be  positively  detected  in  it,  nor  does  it  contain  an  appreciable 
amount  of  soluble  silica.  It  is,  according  to  Griswold,  essentially 
a  shale  minus  the  argillaceous  component,  and  it  forms  part  of  a 
sedimentary  series  in  which  all  gradations  from  shale  to  novaculite 
occur.  P.  Rutley,*  however,  dissents  from  Griswold's  views,  and 
has  sought  to  show  tiitft  the  novaculite  is  a  siliceous  replacement  or 
pseudomorph  after  limestone  or  dolomite.  It  has  also  been  re- 
garded as  a  chemical  precipitate,  analogous  to  siliceous  sinter. 
In  composition  the  novaculite  is  very  newly  pure  sUica. 

The  much  commoner  variety  of  compact  silica  known  as  diert  baa 
also  been  diversely  interpreted.  A  number  of  writers,*  studying  ohert 
from  different  localities,  have  ugued  in  favor  of  the  replacement 

1  Utei.  Boo.  gftiL  da  Nerd,  vol.  4,  pt  3,1887.  SantaliaeomfMeiialyau  atgtiitangtvta.  Thedatsv 
mln«i.tm  of  amaiihnu  silica  b;  lb  golublUtr  b  caostlo  slkaUm,  It  must  be  observed,  li  not  vttf  acoant*. 
SiUcsiaui7toniwlUdto(itTa,tlMnUof  sohitliHi  dapaidlug  upoa  the  flnuiam  o[  Its  lobdlTlalon,  and  tlw 
oaumtntknoItlMslkalL  OssUiMsUka,lHnreTer,iib8olT<siwldtyliiireakalkBlf,llidw«Mlb«roatfklr 
snlmsted.    Qosrti  dlnolvta  vary  slowly. 

>  Sea  Ortaira)il>s  mimiwh  <n  this  rook  (Bept.  Arkanaaa  a«ol.  Surrey,  vol.  1,  im)  and  ■  PV«  br  Oia 
■anwantlu>laFnio.B<»tODSocKat.Hbt,ToL3S,lSM,p.411.  CtaagtntlaoO. A.Dvrbj.Joal.QnkgT, 
ToLe,18M,p.  368;  Bud  J.C.  8iauTur,ldeni,p.W8.  Bramw  sums  op  va7  acnotaetr  til*  dlfflK«U  UMCrts* 
wbloh  bav*  ben  adTUuad  to  account  lor  rocks  at  tbla  ctiacacttr. 

•  Quut.  Jam.  OeoL  Sac,  toL  60,  ISM,  p.  180. 

•  E.  Hull  and  E.  T.  Hardnum,  Bel.  Tnns.  "Raj.  DubUn  fi<M.,  new  s«.,  VOL  1, 1873,  pp.  71,  81,  «l  (b* 
CarbonllKaui  cherts  of  Ireland;  A.  Boiaid,  BnlL  Acad.  toy.  aoL  Balglqiia,  vaL  IS,  1S7S,  p.  47t,  on  tha 
phtlunltsBoIBaigliim;  T.  BiQert  Joua,  Fnio.  Oed.  Aaoo.  Loodon,  toL  4, 187S,  p.  490;  and  oCiias. 

,.. I,, Google 
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theory.  That  the  replacement  of  calcium  carbonate  by  silica  is 
possible,  ao  one  can  deny,  for  silictfied  sheila  and  corals  are  common. 
The  pseudomorphs  of  chalcedony  or  opal  after  coral,  from  Tampa 
Bay,  Florida,  are  conspicuous  examples  of  this  change.  Furtihermwe, 
A.  H.  Church '  has  effected  the  transfoTniati<m  artificually.  A  piece 
of  recent  coral  was  almost  completely  dlidfied,  losing  nearly  all  its 
carbonate  of  lime,  when  an  aqueous  solution  of  silica  was  allowed  to 
filter  through  it  very  gradually.  Some  chert,  then,  may  have  been 
formed  in  this  way: 

On  the  other  hand,  chert  and  flint  often  exhibit  evidences  of  oi^;anio 
derivation.  The  radiolarian  cherts  of  California,  described  by  A.  C. 
Lawson,  C.  Palache,  and  F.  L.  Bansome,'  are  principally  composed 
of  radiolarian  remains.  Lawson  rq;ards  these  cherts  as  having  been 
formed  by  precipitations  of  colloidal  silica  from  submarine  springs, 
which  produced  a  sort  of  ooze  in  which  the  radiolaria  became  em- 
bedded. In  other  cases  cherts  were  probably  derived  from  sponges, 
whose  spicules  cousaat  very  largdy  of  opaline  silica.*  Cherts  crowded 
with  these  spicules  have  been  described  by  various  authors,  espe- 
aally  by  W.  J.  SoUas  *  and  Q.  J.  Hinde.'  Binde  studied  eepecidly 
the  cherts  of  the  Oreensand  formation  in  southern  Elngland,  the 
cherts  of  Spitzbergen,  and  also  the  Irish  cherts,  described  by  Hull 
and  Hardman.  In  all  of  them  the  sponge  spicules  were  abundant. 
lilie  same  thing  is  ^e  of  the  flint  nodules  found  in  chalk,  which 
almost  invariably  show  signs  of  a  similar  origin.*  In  order  to  ac- 
count for  these  nodules,  Sollas  suggeste  that  sponge  spicules  aeon- 
mulated  in  a  calcareous  ooze,  where,  in  presence  of  sea  water  imder 
pressure,  they  pfu^y  dissolved.  The  silica  thus  taken  into  solution 
was  later  reprecipitated  around  suitable  nuclei,  at  the  same  time 
replacing  carbonate  of  lime.  It  is  possible,  however,  as  A.  A. 
Julien  *  has  shown,  that  the  o^^anic  matter  of  the  decaying  sponges 
may  have  exerted  much  influence  in  bringing  about  the  solution  of 
silica.  It  is  difficult  to  see  how  the  nodules  could  have  developed 
except  from  silica  which  had  been  first  dissolved.  Their  growth 
aroimd  oi^anic  nuclei  can  hardly  be  explained  otherwise. 

Sedimentary  rocks  consisting  almost  entirely  of  silica  may  orig- 
inate in  divers  ways.  As  siliceous  sinter*  the  silica  is  simply  a 
deposit  from  hot  springs.    As  sandstone  it  is  an  aggregate  of  finely 

iJ(Mic.aicm.So<i.,val.lG,lSfl3,p.  107. 

■  LaWMMl,  FUKenlli  Ann.  Kept.  U.  B.  Or>1.  Bum;,  ises,  p.  430;  Lkvson  and  Pabtchc,  BulL  Dept  Oeot 
OCT  Untr.  CUitinito,  to).  9,  IWe,  pp.  SH,  iK;  Huuame,  kjem,  vd.  1, 18M,  p.  193. 

■  8(t  Tbmtot,  BuU.  Soc  Uln.,  vol.  T,  18H,  p.  147. 

i  Aim.  ud  UMg.  Nat.  Elst,  Kh  ser.,  ivl.  S,  1880,  pp.  384, 437;  vol. ;,  1881,  p.  141. 

•  PhllM.  Tiam.,  vol.  176, 188S,  p.  ¥0;  Otol.  Hag.,  1887,  p.  43t;  Mem,  1388,  p.  341. 
'BeeHlDdsaiiilaallM,Ioo.cfL,aiiiia.C.WaUii:ti,Qaart.  lour.  OcoLBoc,,  vol.  30,1880,  p.  U.    J.  A. 

Karin  (BdU.  Hoa.  Comp.  ZooL,  vol.  28, 18aB,  p.  1)  baa  dcacrlbcd  loasfl  ipimgea  Irom  flluli  buid  h)  the 

>  Proo.  Am.  Assoc.  Adv.  Sd.,  1873,  p.  MS. 

•  8*eKita,p.aat. 
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divided  quartz.  In  gaize  and  some  cherts  the  rock  is  composed  in 
great  part  of  oi^anic  remains.  In  some  cases  calcimn  carbonate  has 
be€in  obviously  replaced  by  silica.  I^ere  are  also  siliceous  concre- 
tion-like flints,  as  well  as  the  oolites  which  are  formed  by  the  depoed- 
tion  of  silica  from  solution  around  quartz  grains.  Such  an  oolite 
from  Pennsylvania  has  been  studied  by  several  investigators.*  It  is 
possible  that  a  rangle  formation  may  represent  more  than  one  of 
these  processes.  R.  D.  Irving  and  C.  K.  Van  Hise,*  for  example, 
describing  tJie  chert  of  the  Penokee  irOn  re^on,  which  was  laid  down 
simultaneously  with  the  iron  carbonates,  surest  that  it  may  have 
been  partly  derived  from  organic  remains  and  also  be  partly  a  chem- 
ical sediment.  In  short,  no  one  process  can  account  for  all  tibe 
occurrences  of  amorphous  or  ciyptocryBtBlline  silica,  and  each  local- 
ity must  be  studied  in  the  light  of  its  own  evidence. 

The  following  analyses  of   chert,  novaculite,  etc.,  will  serve  to 
illustrate  the  chemic&l  uniformity  of  these  rocks : ' 

Analj/iei  of  chert  and  allitd  roeti. 

A.  Navioallte,Koclcport,ArkBiBas.    AdsItiIi by B. N. Biackett.    FWm Ortnrdd's lOonlCH^.p. I<7. 

B.  Chert,  Bcllerllle,  MExnurL  An&lysls  bj  E.  A.  Sotmelder,  Boll.  C.  S.  Oeol.  Barmj  No.  Bt,  IMM, 
p.  SST.    Otlier  analyses  an  glTtn  on  the  same  page. 

C.  Chert  tram  tlM  Upper  CacbonllCTomoI  Ireland.  Analyiliby  E.T.  HiidiDni,Bd.Ti«iia.  BaT.Dob- 
UaBoc,newKr.,Tol.  I,lsra,p.SS.    Borne  atlhe  Irish  cherts  an  h]tblycalcaniiio,i«pnK; 


D.  SUkeooaDgtlta, CcDler County, Penniflvanla.   Anal]rtbb7Beift,AbhaiidL  Oe>en.IiJl,UU,p.lUL 
S.  Infusorial  earth,  Nevada.    AnBlrsbbyB.  W.  Woodirard,  Bept.  U.  B.  Oeol.  E^«XliPar.,'TOL3, 
leTT.p.  768. 
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Trace. 
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.12 

.78 

1.43 

.34 

100.24 

09.84 

100.00 

99.95 

99.87 

lE.E.BartmiTtodX.  ToTrey.Aia.  lour.  BoL,3d3er.,Tal.  40, 189a,p,lM;E.O.  Bony,  Bolt.  OtOLBoe. 
Aiiierlcs,irol.fi,  ins.p.  S27:andBergt,Al:bandl.  OoelLIsta,  18S3,  p.  US.  See  also  0.  K.  Wldaod.Anu 
Jour.  8d.,  4th  aer.,T0t.  4, 1807,  p.  261,  vbo  ascribes  tbeseootlto  to  the  acency  of  hot  sprtngL  E.  B.l£am 
(Jour.  Oedogy,  vdL  30,  p.  2a),  IBIS)  haa  aha  studied  these  minerals. 

•  TenthAmLBept.  U.S.  Oeol.  Surrey,  pt.  1,1890,  p.  307.  SeealaaC.  B.  VanHlae,  AtreatlMODmeta- 
morphlsm:  Hon.  U.  S.  Oeol.  Survey,  vol.  47, 1904,  pp.  347-SS3. 

■  For  Other  analyaei  aee  Qrlsrold's  monograph  on  mjvaculite,  Hardman's  paper  on  the  Irtah  dierta,  Bar- 
bour and  Torrey  on  tbe  ooUte,  and  Hovey  (Am.  Tonr.  Sd.,  3d  ser.,  vol.  48,  I8M,  p.  401)  on  cherts  from  Kb- 
■onrL  In  (large  number  ot  cherts  from  Kentucky,  J.  H.Eaatle,  I.e.  W.  Pruer,aiidO.  SuIUvvi  [Ain. 
Cbem.  JoDr.,  vol.  30, 18M,  p.  IS)  lonnd  ^vredable  MDOunls  of  pbosphalei  rugiDg  from  O.IS  up  to  i.S  per 
centof  FiOi. 
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OUier  analyses,  in  considerable  number,  show  intermediate  grada^ 
tioDS  between  chert  and  limestone.  These  represent  comminglings 
in  any  proportion  between  the  cherty  silica  and  calcium  carbonate. 
That  13,  silica  and  calcium  carbonate  may  be  deposited  tc^ther  in 
the  same  mud  or  ooze,  forming  a  nearly  hom(^^eoiis  mixture. 

SHAIiE  AKD  SLATE. 

When  the  finest  products  of  sedimentation  consolidate,  they  tend 
to  form  a  dose^ained,  laminated,  or  fissile  rock,  which  is  called 
shale.  As  thus  \ised,  the  term  is  very  r^ue  and  has  little  chemical 
significance.  Sand,  reduced  to  the  fineness  of  flour,  may  form  a 
rock  which  is  shaly  in  structure,  and  so  too  may  limestone.  In  these 
cases,  however,  there  is  commonly  more  or  less  argillaceous  impurity 
in  the  rocks,  so  that  it  is  better  to  call  them  argillaceous  sandstones 
or  limestones. 

As  the  tenn  is  generally  used,  a  shale  is  supposed  to  be  a  consoli- 
dated mud  or  clay  in  which  the  aluminous  silicates  are  the  more 
important  and  characteristic  constituents.  Shales,  therefore,  vary  in 
composition  exactly  as  do  the  materials  from  which  they  form,  and 
may  contun  sandy  or  calcareous  impurities.  Bituminous  and  car- 
bonaceous shales  are  also  common.  Many  shales  contain  pjrite  or 
marcasite,  which  oxidize  and  give  rise  to  the  formation  of  sulphates. 
Theee  rocks  are  called  alum  shales  and  exhibit  aluminous  efflores- 
cences. The  alum  shales  and  calcareoiis  shales  are  easily  alteraUe; 
those  which  consist  chiefly  of  aluminous  silicates,  having  been  formed 
from  the  final  products  of  rock  decomposition,  are  remarkably  stable. 
Their  dimnt^ation,  when  it  occurs,  is  largely  a  mechanical  process 
and  involves  very  fittle  chemical  change. 

Between  typical  sandstones  and  typical  shales  there  are  pronounced 
structural  differences.  A  sandstone  is  made  up  of  grains  which  are 
discernible  to  the  eye,  and  is  therefore  distinctly  porous.  In  conse- 
quence of  this  peculiarity  it  is  easily  penneable  to  percolating  waters, 
the  source  from  which  its  cementing  substances  are  derived.  A  shale, 
on  the  other  hand,  consists  of  much  finer  particles,  wluch  are  closely 
packed,  and  its  porosity  is  small.'  In  its  formation  the  cementing 
process  is.less  prominent  than  in  the  case  of  sandstone,  and  its  con- 
solidation seems  to  have  been  effected  by  a  sort  of  welding.  The 
colloidal  matter  contained  in  most  muds  and  days  is  capable  of 
binding  imder  the  influence  of  pressure  alone ;  and  to  imions  of  this 
kind  a  shale  mainly  owes  its  coherence.  Cementation  is  not  exduded, 
but  it  has  become  a  subordinate  factor.    Under  the  influence  of 

>  ror  data  OD  the  niuntss  ol  sand  tnd  mod  partlclta,  IM  C  K.  Van  BIM,  A  Inatin  «D  mnvnaphlim; 
Hon.  V.  S.  Oeol.  Borve;,  vol.  47, 19M,  p.  S93. 
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pressure,  the  water  of  a  mud  is  lai^y  ezpeJled,  so  that  the  resulting 
shale  ia  much  less  hydrous. 

The  following  analyses  of  shales  were  all  made  in  the  laboratory  of 
the  United  States  Geolt^cal  Surrey.  Some  constituents,  reported 
in  "traces"  only,  are  omitted  from  the  table.  A  number  of  other 
analyses  are  given  in  Bulletin  591,  pages  250-258. 

Analytet  ofthaUt. 

A.  Oompcalte  amlftk  of  flfty^ne  Palanelc  sbalca,  b7  H.  M.  StokcB. 

B.  CompoalM  uialjib  ot  tvaitr-wvsi  Unoialc  and  Cenowlc  Bbala,  b;  H.  N.  Stoko. 

C.  BlHk  DCTonlui  ibale,  uu  LoaghUow  mine,  UMaud  dbtiiet,  ArEmia.   tistljvA  by  W.  F. 
Bfll^naud. 

D.lIIddIsC<unbr<uiBbal«,Coon  Valley, Alabuu,    Analyik  by  Stoko. 

B.  Bttomlnoa  (hale,  Dry  aap,aainslB.    Analyalaby  L.  Q,  EaUni. 

7.  Sbole,  near  Rmh  Cnek,  Pueblo  qnadmii^e,  Colwado.    Analyafi  by  Qtatft  SUIetr. 

a.  CarbODlhroiuahale,  Elliott  Couniy.KenluiAy.    Analyitaby  T.  II.  Cbstnrd. 

Utba|«,Uo<mtDiablD,CaIiEiiiiiia.    Highly  calaareoiB.    Analygk  by  W.  H.  ICdvIUe. 
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Trace. 
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■  Carboiia««oiiaiiutl«r.  »Len  O-S,  100.17. 

The  most  noticeable  feature  in  these  analyses,  as  compared  with 
analyses  of  similar  clays,  is  the  change  in  the  iron  oxides.  Ia  the 
shales  the  proportion  of  ferrous  relativdy  to  ferric  oxide  has  increased ; 
probably  because  of  the  reduong  action  of  organic  matter  in  the 
sediments  as  they  were  first  laid  down.  Ferric  oxide  has  been  evi- 
dently reduced,  and  organic  substances  furnish  the  most  obvioos 
reagents  for  producing  such  an  alteration. 
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Under  the  long-contitiued  influence  of  pressure  the  shales  become 
more  compact  and  less  hydrous,  and  pass  into  the  rocks  known  as 
clay  slates.  By  further  change,  of  a  metasomatic  character,  the 
slatee  are  transformed  into  the  metamorphic  mica  schists,  in  whi(^ 
variouB  new  minerals  appear.  The  schists  will  be  considered  in  the 
next  chapter.  Even  in  the  slates  the  ^ecte  of  metasomatism  are 
manifeet,  for  micas  and  chloritee  appear  conspicuously  in  them. 
These  minerals  have  been  formed  at  the  expense  of  the  day  silicate 
and  the  residual  feldspars.  Scales  of  detrital  mica  are,  of  com^e, 
common  in  the  sedimeato;  but  in  the  slates  the  feldspar  gnuds  have 
been  more  or  less  transformed  into  particles  made  up  of  interlocking 
quartz  and  mica;  the  latter  usually  appearing  in  the  fibrous  seri(atio 
form.  Even  in  Carboniferous  days  and  shales  W.  M.  Hutchins ' 
found  little  kaolin,  but  more  or  less  secondary  quartz,  chlorite,  and 
mica.  ITie  chlorites,  evidently,  were  derived  from  the  debris  of 
ferrom^neaian  minerals. 

The  mineralog^cal  composition  of  the  clay  slat^  has  been  studied 
by  several  investigators,*  and  the  results  are  thoroughly  summed  up 
by  Dale  in  his  memoir  upon  the  slate  belt  of  eastern  New  York  and 
western  Vermont.  In  these  rocks  he  observed  clastic  partides  of 
quuiiiz,  feldspar,  zircon,  muscovite,  and  carbonaceous  matt^-;  and 
autogenous  quartz,  chlorite,  muscovite,  pyrite,  and  carbonates  of 
lime,  magnesia,  iron,  and  manganese.  Sutile,  hematite,  and  tourma- 
line were  also  noted.  The  pyrite  was  often  altered  to  limonite. 
Other  observers,  studying  other  slates,  have  found  ottrelite,  stauro- 
lite,  garnet,  biotite,  hornblende,  epidote,  apatite,  pyrrhotite,  gypsum, 
and  magnetite  in  them. 

The  subjoined  analyses  of  roofing  slates  were  fall  made  by  W.  F. 
Hillebrand  in  the  laboratory  of  the  United  States  Geological  Survey.' 

1  Osol.  ISag,,  ISM,  pp.  3t,  M;  Idem,  IMM,  pp.  Xa,  313. 

■  SMtspacUly  W,  11.  Hutchliig,loc,  dt.:H.  C.  eorby.Qmrt.Iaar.  Gaol.  Boc,  voLSt,  PnM.,  iea},pp. 
<»-a)i  iml  F.  A.  Anccr,  Jabih.  K.-k.  gaoL  Belcbsuntalt,  Itto.  Ultt.,  ytA.  3S,  IBTS,  p.  l«a.    T.  N.  Date 

<Nbi«t«nth  Ann.  Rcpt.  U,  B.  Ond.  Burva^,  pt.  3, 139a,pp.  1113-307: &tM  BnU.  ITS,  lllO(l)buma(le>ipasW 
ftiii];ofUienioQa|sUtcs.  His  bulletin  contoins  a  report  b;  W.  F.  Hmcbnnd  od  Uw  aompcattlon  at  Uia 
littm,  And  idgMn  wltlk  a  Taloabls  blblkignpli;. 

•Be«I>sle,l(Ki.oJt.,wboclUaat>)naiia1yHB.  BtUl oUun ire (Itki  In  Boll.  U.  B.  OwL  Snrv*;  Na.  33S, 
UH,  pp.  337-3M.  I.  Both  (AUgemetiis  Dud  chemiicbe  Geologle,  toI.  2,  p.  £88)  tabulsla  1£  aiBljHi  ot 
EocDpeaui  dBT<  UMl  aMlcB,  and  H.  B(iMabmcli(Eleouoteder  Qcataliiilelin,  Id  ed.,p.  Ml)  Eira  a  table 
of  1ft.  SaeilaoE.C.  Eokd.Ioni.  O«oloEr,Ti>1.12,l«M,p.3S,I0Ttb«avKV*RHnpoiitkmof  MA 
Moflnc  ilata. 
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IJMB8TON1!. 

The  carbonate  rocks,  which  may  be  either  sedimeQtary,  detrital,  or 
metunorphic,  are  repraeoited  principally  by  limestone  and  dolomite. 
Limeetone  couBiBts  <A  calcium  carbonate  more  or  less  impure,  and  it 
occurs  in  many  forms  of  very  diverse  origin.  Some  limestone,  the 
variety  known  as  calcareous  tufa  or  travertine,  is  a  chemical  pre- 
cipitate, but  in  its  larger  masses  the  rock  is  generally  of  oi^aoic 
origin.  Chalk  is  probably  derived  from  a  marine  ooze;  other  lime- 
stones  are  made  up  of  shells  and  corals.  In  some  the  oi^anic  remains 
are  conspicuous;  in  many  cases  they  are  quite  obliterated.  Sandy, 
argillaceous,  glauconitic,  ferruginous,  phosphatic,  and  bituminous 
limestones  owe  their  names  to  their  manifest  impurities.  Evctn 
gaseous  inclusions  may  give  a  limestone  its  name,  as  in  the  case  of 
the  fetid  limestones  or  "stinkstone"  of  certain  well-known  locahtiee. 
This  peculiarity  is  well  shown  by  a  bed  of  calcite  in  Chatham  Town- 
ship, Canada,  described  by  B.  J.  Harrington,'  which  contains  0.016 
per  cent  of  hydrogen  sulphide.  A  cubic  foot  of  the  rock  contains 
about  500  cubic  inches  of  the  inclosed  gas,  to  which  ite  offensive 
odor,  when  struck  or  bruised,  is  due. 

Tlie  primary  source  of  limestone  ia  obviously  to  be  found  in  the 
decomposition  of  igneous  rocks  by  carbonated  waters.  Calcium 
carbonate  is  thus  produced;  it  passes  into  solution  in  ground  water. 


I  Am.  Jom.  BoL,  tth  Mr.,  ToL  1»,  IWB,  p.  3<S, 
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springs,  and  Btreama,  and  is  thence  withdrawn  by  a  variety  of  proc- 
eesea.  Its  deposition  as  a  chemical  sediment,  espedally  from  hot 
springs,  and  even  from  sea  water,  was  considered  in  a  previous  chaj^ 
ter,'  but  the  evid^ice  may  well  be  repeated  here  and  dev^oped  a 
little  more  fuUy.  Much  of  the  dissolved  carbonate  is  precipitated 
as  a  cement  in  other  rocks,  but  tiiat  point  needs  no  furthw  examina^ 
tion  now. 

When  wateiB  charged  with  calcium  carbonate  are  allowed  to  evap- 
orate, they  deport  their  load  m  the  form  of  sinter,  or  tufa.  TUs 
process  can  be  observed  at  many  thermal  and  "petrifying"  springs, 
and  also  in  the  formation  of  stalactites  and  stalagmites  in  limestone 
caverns.  In  this  way  lai^e  masses  of  compact  carbonate  may  be 
formed,  which  are  oftentimes  of  great  beauty.  The  so-called  "onyx 
marbles,"  of  which  the  Mexican  "onyx"  is  a  familiar  example,  are 
formed  in  this  way.  Some  rock  of  this  class  is  stalagmitic,  from 
caverns,  and  some  of  it  is  formed  by  springs.'  Ite  variations  in  color 
and  texture,  to  which  its  ornamental  character  is  largely  due,  are 
commoidiy  produced  by  impurities  or  inclusions,  such  as  oxide  of 
iron,  or  even  mud  and  clay.* 

When  f reeh  waters,  chafed  with  carbonates,  enter  the  sea,  a  direct 
precipitation  of  calcium  carbonate  may  occur.  This  form  of  deposi- 
tion, however,  is  exceptional,  and  few  authentic  examples  of  it  are 
recorded.  It  happens  only  when  the  supply  of  carbonate  b  in  excess 
of  that  whicb.  can  be  consumed  by  living  oi^anisms  and  when  the 
conditions  of  temperature  and  evaporation  are  such  as  to  expei  the 
solvent  carbon  dioxide.  By  t^  b  meant  the  carbon  dioxide  required 
to  hold  the  carbonate  in  solution  as  bicarbonate.  These  conditions 
are  fo\md,  according  to  Lyell,*  in  the  delta  of  the  Rhone,  and  a 
similar  precipitate  has  been  reported  along  the  coast  of  Florida.* 

G.  H.  Drew,'  however,  has  shown  that  bacteria  are  responsible  for 
a  great  part  of  the  marine  precipitation  of  calcium  carbonate,  at 
least  along  the  coast  of  Florida,  and  doubtless  elsewhere.  This  b  a 
different  process  from  t^t  described  above. 

At  Pyramid  and  Winn^nucca  lakes,  in  Nevada,  great  masses  of 
calcareous  tufa  are  formed,  and  sometimes,  according  to  I.  C  Rus- 
sell,' the  deposit  takes  the  shape  of  oolitic  sand.  In  the  latter  instance 
the  precipitated  carbonate  b  deposited  around  nuclei,  which  may  be 

<  B«t  uta,  p.  303,   AotijMt  of  tufa  uid  tnTerUns  are  ttxra  gtna. 

•  PwBgmsalMtcountoItlieonyxniiu'blceBMO.  F.U((TfU,It(ipt.U.B.Nat.Um.,18n,p.Ht.  Aiood 
talila  ol  uialrMB  k  given  tn  this  memob'.    Tha  onyi  marbln  u*  unall;  otldta,  renir  sngnnlU. 

•  On  tbs  KJiibDlIy  of  mlduia  oarbonals  imd  olitei  BatbODaUa  o[  the  aerlea  RCOi  In  pan  and  mbankttd 
WBtai,  n«  I.  Tin  Emsu,  Ttutla,  Univ.  Oenara.  IWT. 

•  Prbmlpluolgealag;,  llthed.,  vol.  I,  lBTfi,p.  436. 

•  Baa  S.  amfotd,  Beoond  Ana.  Rapt.  Plorlda  Osol.  Bamy,  OOM,  pp.  3U-G,  US.  Ate  T.  W.  Vuglwn, 
Pub.  133.  Cuncele  Inst.  WuhlngtiH],  1010,  pp.  111.  IBS  et  aeq, 

•  Cunagla  Imt  Waihtngtaa,  Pub.  ue,  1914.  See  ate  E.  7.  KaUamaQ  and  N.  R.  Bmmi,  Icnr.  Wadl- 
h^lOD  Acad.  SoL,  vol.  4,  p.  400, 1»14. 

1  Hml  U.  B.  OmI.  Bmer,  vol.  11, 1»S5,  pp.  SI,  m. 
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graioB  of  s&nd  or  oUier  foreign  bodies,  ^militr  formations  occur 
around  Great  Salt  Lake,  but  only,  aa  G.  K.  Gilbert  ^  reports,  where 
there  is  much  agitation  of  the  wares.  Tina  tufa  is  not  formed  in 
dieltered  bays,  but  where  there  is  surf  the  overcharge  of  carbon  diox- 
ide is  easily  driven  out  of  the  water,  and  calcium  carbonate  is  precipi- 
tated. Oolitic  sand  is  also  found  at  Great  Salt  Lake,  and  in  tJiis 
case  ita  deposition  has  been  traced  by  A.  Rothpletz  '  to  the  action  of 
minute  algte.    This  mode  of  formation  needs  to  be  considered  further. 

In  1864  Ferdinand  Cohn  *  studied  ihe  formation  of  travertine  at 
tiie  waterfalls  of  Tivoh.  He  found  t^iere  tiiat  many  aquatic  jdants, 
especially  species  of  Ghara,  mosses,  and  algsB,  became  iucrusted  with 
calcium  carbonate — a  fact  which  he  attributed  to  their  activity  in 
absorbing  carbon  dioxide  and  so  setting  the  carbonate  free;  that  is, 
plants  consume  carbon  dioxide  and  exhale  oxygen.  When  th«y  do 
this  in  water  containing  calcium  bicarbonate,  they  deprive  that  salt 
of  its  second  molecule  of  carbonic  acid,  and  the  insoluble  neutral 
carbonate  is  thrown  down.  The  sinter  or  travertine  is  thus  formed 
primarily,  but  it  is  afterwards  transformed  into  a  compact  mass  by 
the  deposiUon  of  calcite  in  its  intersticee;  and  in  tames  of  flood,  frben 
the  waters  are  muddy,  layers  of  sediment  are  lud  down  with  it. 

ThiB  same  sort  of  plant  activity  has  been  repeatedly  observed  in 
connection  with  the  marl  deposits  of  certain  fresh-water  lakes.  The 
term ' '  marl,"  it  must  be  noted,  is  very  vague,  and  has  been  applied  not 
only  to  earthy  forms  of  calcitmi  carbonate,  but  also  to  glauconitao 
sands  containing  no  carbonate  at  all.  SheU  marl,  as  its  name  indi- 
cates, is  lai^y  made  up  of  fragmentary  shells;  the  marl  here  men- 
tioned is  of  a  different  kind.  As  long  ago  aa  1854  W.  KitcheU* 
pointed  out  that  Ohara  took  an  active  part  in  the  production  of  fresh- 
water marl.  In  1900  C.  A.  Davis  *  discussed  the  subject  much  more 
fully,  with  reference  to  some  lakes  in  Michigan,  and  came  to  essen- 
tially the  same  conclusions  as  Cohn.  Davis,  however,  r^ards  the 
oxygen  liberated  by  the  aquatic  plants,  Ohara,  etc.,  as  awflisting 
in  some  way  the  precipitation  of  the  carbonate;  bnl^  his  equa^on 
showing  tJhe  supposed  reaction  rests  on  no  experimental  basis.  The 
activity  of  plants  in  marl  formation  was  also  considered  by  W.  S. 

■  Hon.  V.  8.  Qeol.  Brsmj,  vol.  1,  UOO,  p.  M7. 

•  Am.  Oeologbt,  vol.  to,  ISBl,  p.  ITS.  Bm  aba  E.  B.  Wedund,  Qiuit.  loor.  a*oL  Boo.,  voL  Gl,  ISSt, 
p.  IM,  CO  odlta  from  otbar  loasUtJM.  Vidatd'Ao<Bt(Compt.  Band.,  voL  IS,  lit?,  p.8UJ,Blad7liWtlw 
toniatloD  of  oollle  in  (onu  Ueilaui  bkn,  argun  Uwt  liuBct  tgft,  whloh  an  depodtod  lit  smt  nunibMi 
on  tha  tar^ae  of  Um  mter,  may  aot  u  DOcltL 

>  NcoM  Jilifb..  last,  p.  MO.  Aa  tarlkr  p^Mr  by  Cotm  (lSfi2),  m  the  CaridiMl  "ipnulelmlii,"  1  hkn 
DotbMDabletoKe.  It  Is  olteo  qaatad.  W.H.  Weed  (Mbith  Ann.  Hept.  U.S.  aMl.Snmr,  Isn.p.Sia} 
hu  ihawn  that  Iba  (nTSrUas  loimed  anmnd  the  hot  qHtngi  of  the  YsIlowitaDe  NattoDal  Park  W  pro- 
dnetd  b;  Itaa  aid  o(  alga. 

•  Fbit  Aim.  Rapt.  OeoL  Survey  New  Itatj,  USt,  p.  10.  See  aba  O.  B.  Cook,  Oeidaty  of  Ne«  Jeaty, 
U«8,'p.  173. 

•  Joot.  aeolocy,  vol.  a,  IWO,  pp.  US,  «i^  vol.  8,  llOl,  p..«l. 
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BUtchley  and  0.  H,  Ashley  *  in  their  leport  on  the  1&^  of  Indiana, 
but  these  writers  attach  fully  aa  mnch  importance  to  inflowing,  lime- 
bearing  springs.  The  attention  which  these  deposits  hare  recfflved 
is  due  to  their  value  for  fertilizing  purposes.  It  is  poeeible,  as  Mr. 
Bailey  Willis  has  suggested  to  me,  that  some  marine  limestones  have 
been  formed  by  plant  agencies.  In  the  shallow  seas  which  are 
thou^t  to  have  covered  a  laige  part  of  tiie  North  American  conti- 
nent the  calcium  carbonate  may  well  hare  been  thrown  down  by  algte. 
To  produce  a  permanent  deposit,  however,  the  water  most  have  been 
too  warm  to  carry  much  carbonic  acid  in  solution,  and  too  shallow 
for  the  precipitate,  while  sinking,  to  redissolve. 

Another  process  by  which  calcium  carbonate  may  be  precipitated 
was  pointed  out  by  G.  Steinmann.*  He  found  that  albumen,  which 
is  present  in  the  o^onic  parts  of  aQ  aquatic  animals,  was  a  distinct 
precipitating  agent.  Apparently,  by  fermentation,  tiie  albuminoids 
generate  ammonium  carbonate,  and  to  that  compound  the  precipita- 
tion of  calcium  carbonate  is  due.  This  or  any  otiier  alkaline  car- 
bonate, entering  waters  saturated  with  caltuum  carbonate,  would 
bring  about  the  separation  of  the  last-named  salt. 

In  studying  the  formation  of  shell  limestone  or  coral  rock,  it  is 
desirable  to  take  account  of  the  fact  that  calcium  carbonate  exists 
in  at  least  two  geologicaUy  important  modifications — calcite  and 
aragonite.  Calcite  crystalhzes  in  the  rhombohedral  division  of  the 
hexagonal  system,  and  has,  when  pure,  a  spedfic  gravity  between 
2.71  and  2.72.  Aragonite  is  orthorhombic,  and  its  specific  gravity  is 
near  2.94.  Calcite  is  by  far  the  more  abundant  fonn,  and  it  ia  also 
the  more  stable.'  Ar^;onite  alters  easily  to  paramorphs  of  calcite, 
but  the  reverse  change  rarely,  if  ever,  occurs.  The  reported  para- 
morphs of  aragonite  after  calcite  are  of  doubtful  authenticity.  Ac- 
cording to  P.  N.  Lasdienko  *  aragonite  when  heated  to  446°  begins 
to  change  into  calcite.  The  change  is  complete  at  470°.  A  mono- 
clinic  variety  of  calcium  carbonate,  lublinite,  has  recently  becm  de- 
scribed by  R.  Lang.*    Another  crystalline  modification  since  named 

iTweiit;4nii  Ann.  BspLDqit.  Gaidog?,  eto.,  Indtam,  IMXt,  pp.  Sl-.asa.  Ttw  memoir  ccatalns  •ml jiw 
(rf  nuria  br  W.  A.  Noyn.  Sea  atoo  •  olttoln  by  C.  S.  Shbcnlhal,  loot.  OvdocT,  Ttd.  9,  UDl,  p.  SH. 
W.  C,  Sen,  In  Qwiotj  d  North  OuaUn*,  nl.  1,  p.  187,  givn  manj  analjaM  of  marl  btxn  Out  State. 
An  elabonte  npoK  m  mart,  b;  D.  I.  Hile,  and  otliers,  lorms  part  3  of  Tolmne  S,  U lohlgiD  dacL  Somri 
vno. 

1  Ber.  Natnrfondi.  Gssell.  Fnlbuig,  ml.  4,  iea»,  p.  38S. 

•  See  Uie  phyiloachiBDlcal  leaHichta  ol  B.  W.  Foota  (Zatttcbr.  pbyilkal.  Chemle,  toL  33, 1900,  p.  ;«]},  ta 
vhleh  tbii  point  b  developed  qaantltatfrely.  Impotant  modem  papen  as  tlw  retotlena  batmn  mIoU* 
•nd  eragonlle  era  by  H.  Vatir,  Zeibuhr.  Eryat  Mln.,  vol.  31,  IMS,  p.  433;  voL  21, 1§M,  p.  300;  ToL  H 
IH6,  pp.  3M,  37a;  vol.  37, 1807,  p.  477;  and  vd.  SO,  1808,  pp.  »e,  4S&.  Bee  alao  O.  UOfie,  Neon  Jabib., 
B«a.  Bond  14, 1901,  p.  146,  and  B.  Leitmeler,  FTena  Jalub.,  1010,  Band  I,  p.«.  On  tbeODDdltkniimdv 
whicb  calcite  and  aiicoilte  *n  fanned  as  ohemloal  pnotplWw  «ee  W.  Ua%«i,  B«r.  Naturknch.  OMtU. 
Fretbui«,  ToL  13,  lOOS,  p.  40,  and  loL  IS,  I0O6,  p.  38,  and  H.  Warth,  CcDtralbL  U&L,  OeoL  a.  Pal.,  IKO, 
p.  403.  AcoordbK  to  W.  Vaubel  (Jour,  piakt.  Cbem.,  ser.  3,  vol.  80,  1011,  p.  Mt),  angtnHe  MUtatals 
amall  admixture  of  a  hydrobeaic  carbonate. 

'  Cham.  Abetiacts,  vol  8, 1012,  p.  484.    Fiom  a  Ronlan  origtnaL 
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Taterite,  forming  apherulitic  aggregates,  waa  first  observed  by  H. 
Vater  Qoc.  cit.)i  but  it  is  not  known  to  occur  in  nature.  It  was  pro- 
duced artificiaJlj. 

In  recent  years  two  other  varieties  of  caltuum  carbonate  bave  been 
deecribed  as  distinct  from  calcite  and  aragonite.  The  carbonate  of 
some  molluBcan  shells,  which  had  been  called  aragonite,  was  made 
into  a  distinct  species  by  Agnea  Kelley,*who  named  it  conchite.  The 
pisobte  formed  at  the  hot  springs  of  Hammam-Meskoutine,  Algeria, 
was  ^veu  specific  rank  by  A.  Lacroix,*  under  the  name  ktypeite. 
Both  of  these  alleged  species  have  since  been  identified  with  ara^n- 
ite  *  and  need  no  further  consideration  here. 

Caldte  and  aragonite  may  be  distinguished  from  each  other,  when 
not  distinctly  crystallized,  either  by  their  differences  in  specific 
gravity  or  in  th^  optical  properties.  There  are  also  two  chemical 
tests  discovered  by  W.  Meigen.*  When  aragonite  is  immersed  in  a 
dilute  solution  of  cobalt  nitrate,  it  is  colored  lilac,  and  the  color  per- 
sists on  boiling.  Calcite,  under  like  trestmeot,  remains  white  in  the 
cold,  but  becomes  blue  on  long  boiling.  Agfun,  calcite,  in  a  solution 
of  ferrous  sulphate,  produces  a  yellow  precupitate  of  ferric  hydroxide; 
while  aragonite  gives  a  dark-greenish  predpitate  of  ferrous  hydrox- 
ide. These  tests  were  apphed  by  Meigen  to  a  large  number  of  shells 
and  corals,  both  recent  and  fossil,  and  the  mineralogical  character  of 
each  species  was  determined,  A  list  of  the  determinations  is  ^ven 
in  his  memoir. 

The  importance  of  discriminating  between  calcite  and  aragonite 
was  pointed  out  -vety  clearly  by  H.  C.  Sorby,*  in  his  address  upon 
the  origin  of  limestones.  He  too,  much  earher  than  Meigen,  gave 
data  concerning  the  calcareous  parte  of  different  classes  of  animals, 
and  showed  that  shells  composed  of  aragonite  rarely  appeared  as 
fossils.  The  same  subject  was  also  discussed  by  V.  Cornish  and 
P.  F.  Kendall  *  on  the  basis  of  experiments  in  which  they  found  that 
carbonated  waters  decompose  and  disint^rate  aragonite  shells  much 
more  readily  than  shells  formed  of  calcite.    The  difference,  however, 

1  Uioenlog.  Hat;  toL  12,  lOOa,  p.  303. 

■Compt  Bsid.,  vol.  las,  l»g,  p.  801.  Fiv  inother  dncrlptiaa  of  Oil  deposit  Mt  L.  Dnpare,  Aich.  kL 
tbyt.  mt.,  3d  Mr.,  vol.  X,  ISSS,  p.  537. 

■  On  oauhlw,  mn  R.  Bnuna,  CsittmlU.  Ub.,  OeoL  n.  Pal.,  IBOl,  p.  iSi.  B.  V>Ur  (ZaHiehr.  Errit. 
Hin.,  vol.  U,  IMl,  p.  l«),sxamtiudboUiixnotilt<u]dkt7palU.  VataralKidmslbatluCarlibvl-'Bpcu. 
ddstaiQ,"  which  la  vagiinltA. 

•  Cootnlbl.  Ub.,  Geol.  u.  PmL,  IKIl,  p.  S7T;  Bit.  Obartiubi.  gtoL  Varebi,  inS,  p.  II;  Btr.  SatmtorXiL 
OnaU.  Fnibuig,  vol.  IS,  1«»,  p.  U.  8«e  abo  A.  HntcbJiBaD,  WiunlDg.  Mtg-,  ^.  1^.  Proa.,  IWB,  p. 
xxvOt;  Q.  WrrouboS,  Bull.  Soo.  mfn.,  toL  34, 1991,  p.  3n;  and  B.  KnuU,  UM.  p«L  Ultt.,  toL  M,  IWt, 
p.  «S7.  S.  J.  a'hugutt(C<nIralbl.l£faL,  G«ol.  u.  Pal.,  1010,  p.  788}  doorlbM  ookr  dlKrlmltiatinDi  baasd 
upon  tha  1UC  dI  oq;iiiIo  d^ta.  Saa  ■ton  VaalHl  <l(ie.  cit,),  and  X.  Nisdtntadt,  Zdtaolir.  ang«w.  ClMmto, 
ToL  25, 1813,  p.  1319.  AscordtDK  to  O.  Fanabkaai  (abMnot  In  ZMMSbz.  XttD.  ICIn,,  tdI.  W,  1906,  p.  S8), 
th«  "h;drailda>"  ol  Udgsi'i  matim  ara  raU^  oarboiata.  On  Uie  l<fn>)i»«nlphaU  tut  tea  ■!■>  W. 
Di«d,  Zaltsohi.  Kiyst.  Hln.,  vol. «,  p.  IN,  1911. 

>  Qiun.  Jour.  QaoL  Soc.,  vol.  M,  Fnc.,  1879,  p.  St. 

•  a«al.  lUe.,  1B88,  p.  se.  B**  am  p.  Tfaob,  Pno.  Sac  BcL,  Amstardun  Acad.,  voL  11, 1908,  p.  SM;  A. 
R.  Honrood,  Oaol.  lfa|.,  1910,  p.  ItS;  and  Q.  A.  I.  C<ria  and  O.  H.  LltUe,  Idam,  1911,  p.  tt. 
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is  attributed  to  structure  rather  than  to  miner&logical  distinctions. 
But  be  that  as  it  may,  while  calcite  oi^ganisms  remain  permanently 
in  fossil  form,  aragonite  shells  lai^y  disappear.  Only  the  lai^r, 
denser,  hesvier  aragonite  structures  seem  to  be  preserved  to  any 
considerable  extent.  Kendall '  has  applied  these  observations  to  the 
Btudy  of  oceanic  oozes.  The  pteropod  aheUs,  being  mainly  aragonite, 
disappear  below  1,500  fathoms  depth,  while  the  calcitic  globigerina 
is  found  in  ooze  at  2,925  fathoms.  From  the  fact  that  the  Upper 
Chalk  of  England  contains  only  caJcite  oi^anisma,  Kendall  *  infers 
that  it  was  deposited  at  a  depth  of  at  least  1,600  fathoms.  Attempts 
have  been  made  to  identify  chalk  with  the  globigerina  ooze,  but  L. 
Cayeuz  *  has  shown  that  the  two  substances  are  markedly  different. 
Chalk,  however,  is  composed  of  oi^fanic  remains,  latgely  foraminif> 
eral,  and  undoubtedly  represents  an  ooze  of  some  kind.*  It  also 
contains  detrital  imparities,  and  in  chalk  from  northern  France 
Cayeux  *  has  identified  mi(a«scopie  particles  of  quartz,  zircon,  tour- 
maline, rutile,  magnetite,  muscovite,  orthoclase,  plagioclase,  anatase, 
brookite,  chlorite,  stauroUte,  garnet,  apatite,  ilmenite,  and  corundum. 
'Dieee  impurities  exist  in  very  small  proportions,  and  for  practical 
purposes  chatk  may  be  regarded  as  nearly  pure  carbonate  of  lime  in 
exceedin^y  fine  subdivision. 

In  his  study  of  the  ooUtes  G.  linck  *  has  shown  that  all  recent 
deposits,  so  far  as  he  was  able  to  examine  them,  were  composed  of 
aragonite,  wiule  the  t^er  "fossil"  occunenoee  were  calcite — thai  is, 
according  to  his  obeerrations,  oolite  forms  as  aragonite  and  slowly 
changes  to  the  more  stable  calcite.  By  expeiimenting  directly  witli 
sea  water  it  was  found  that  precipitation  with  sodium  or  ammoniimi 
carbonate  jnroduced  aragonite,  as  determined  by  Meigen's  reaction 
with  cobalt  nitrate.  When  solutions  of  calcium  bicarbonate  alone 
were  aUowed  to  evaporate,  IJnck  further  found  that  at  ordinary 
atmospheric  temperature  calcite  was  deposited,  but  that  at  60°  ara^- 
nite  was  formed.  In  sea  water,  then,  the  separation  of  calcium  car- 
bonate in  one  modification  or  the  other  is  conditional  upon  the  proc- 
ess of  precipitation  and  probably  also  upon  climate.  Where  organic 
decay  is  prominent,  the  anmionium  carbonate  produced  thereby  may 
act  as  precipitant,  and  l^at  is  more  likely  to  be  the  case  in  warm 
climates  than  in  cold.  The  direct  deposition  of  calcium  carbonate 
is  commonly  in  the  calcite  form,  because  the  temperature  of  oceanic 
water  is  usually  low.  The  two  minerals  in  certain  cases  may  be 
formed  together,  and  this  actually  happens  in  the  growth  of  some 

1  Bept.  Brit.  Anoo.  Adv.  Boi.,  ISW,  p.  788. 

>  Id«m,  tSSt,  p.  TBI. 

>  If^BL  8<w.  fid.  da  Notd,  tcL  4,  pt.  3, 18B7,  p.  E18. 

•  Sm  C.  Wyvflls  Thoman,  Daptbs  of  ths  MB,  Loidm,  1874,  pp.  Wr,  601. 

•  Op.  dt,  p.  Z67. 

'NeunJahrb.,  BelL  Band  IS,  p.  4M.  Lfock  gfvn  a  gcftd  nmunuT  of  pr«vloiu  Ulaktur*  ap«D  OoUb. 
EUbIbo  H.  FlKbM,  Uooalah.  Deula^  gwd.  OcwU.,  1910,  p.  217. 
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shells.  A  shell  may  coosifit  of  a  principal  mass  of  calcite,  coated  by 
a  peaiiy  layer  of  aragonite,  and  other  aaeociations  of  the  two  species 
in  a  single  animal  are  w^  known.  In  t^e  fossilization  of  sotdi  a 
shell  the  aragonite  portion  is  commonly  destroyed,  while  the  calcitio 
layer  or  fr^ment  is  preserved. 

In  what  maimer  do  plants  and  ftnimftk  withdraw  or  segr^ate 
calcium  carbonate  from  sea  water  I  To  t^  question  there  have  been 
many  answers  proposed,'  hat  the  problem  is  essentially  physiologioal, 
and  its  full  discussion  would  be  inappropriate  here.  Some  of  tfae 
answers,  however,  were  framed  before  the  modem  theory  of  solutions 
had  been  developed,  and  are  therefore  no  longer  relevant.  It  ia  not 
necessary  to  ask  whether  the  Uving  organisms  derive  their  oalcareous 
portions  from  the  sulphate  or  chloride  of  calcium  or  absorb  the  car- 
bonate dbectly,  for  tiieee  salts  are  lai^y  ionized  in  sea  water.  It 
is  only  essential  that  calcium  iona  and  carbonic  ions  shall  be  simul- 
taneously present;  then  the  materials  for  coral  and  shell  building 
are  at  hand.  The  carbonic  ions  may  be  of  atmospheric  origin,  or 
brought  to  the  sea  by  streams,  or  developed  by  the  physiological 
processes  of  marine  animals,  or  a  product  of  oi^anlc  decay;  all  of 
tJiese  sources  contnbute  to  the  one  end  and  help  to  supply  the  mate- 
rial from  which  limestones  are  made.  Where  marine  life  is  abun- 
dant, there  also  the  carbonic  ions  abound.  This  fact  is  strikiu^y 
shown  by  W.  L.  Carpent^'s  analyses  '  of  the  gases  extracted  from 
sea  water  and  their  correlation  with  the  result  obtained  by  dredging. 
In  one  series  of  three  samples  from  different  depths,  but  at  the  same 
locaUty,  the  gases  were  composed  as  f olloira : 

Oaut  extraeUdfnm  ua  viaUr  oolUcted  at  different  depthi. 


ttlMboma 
(bottom). 

BOObthoma. 

TSabUiimB. 

0, 

17.22 
34.60 
48.28 

17.79 
48.46 
33. 7& 

nJ  v; 

c6,....: 

100.00 

100.00 

100.00 

On  the  bottom,  where  the  proportion  of  CO,  was  highest,  animal 
life  was  abundant,  and  the  dredge  brou^t  up  a  rich  haul.  At 
another  point,  where  the  CO,  at  the  sea  bottom  fell  to  7.93  p^  cent, 
the  dredge  made  a  very  bad  haul.  In  short,  from  the  composition 
of  the  dissolved  gases,  it  was  possible  to  assert  whether  living  forms 
were  scarce  or  plentiful  upon  a  particular  point  of  the  ocean  floor. 


■  8«e  B.  Braung,  CiMinbcba  Ulnaralogle,  pp.  377-378,  lor  a  aunmury  of  thSi  sabjKt. 
•  InC.  W^vUlt  Thomson's  DapUu  of  the  S«,  Londoa,  1874,  pp.  SB-SU.    Onp,  filSlsgt 
analTses  ot  ms  iratar  ij  FiBDklmd,  In  vUch  Uie  prcsanca  of  abundant  oganki  matter  li  stur 
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'Hie  moBt  obviotts  occnxrence  of  limestone  bnildisg  from  shells  is 
that  which  may  be  observed  on  many  sea  beachee.  The  coqnina  of 
Florida  is  a  familiar  example  of  ibja  kind.  Masses  of  shell  frag- 
ments are  there  compacted  together,  cemented  by  calcimn  carbonate 
which  has  been  deposited  from  solution  between  the  bits  of  shell,  and 
a  fairly  substantial  rock,  available  for  building  purposes,  is  produced. 
Some  quartz  sand  is  commingled  with  the  shell  material,  and  at  one 
locality,  noted  by  W.  H.  Dall,'  limonite,  deposited  by  a  chalybeate 
spring,  serres  as  the  cementing  substance. 

In  the  Bay  of  Naples,  according  to  J.  Walther,*  calcareous  algte, 
especially  of  the  genua  Liihotliammiwn,  are  conspicuous  makers  of 
limestone;  and  similar  obserrations  have  been  made  elsewhere  by 
others.  Liihothammwta  is  a  seaweed  whose  framework  or  skeleton 
consists  of  calcite;  another  genus,  HaHmeda,  which  is  also  active  in 
limestone  making,  contuns  aragonite.' 

From  a  genetic  point  of  view  the  coralline  limestones  have  probably 
been  the  limeetones  moat  carefully  studied.  Their  formation  around 
coral  islands  and  in  coral  reefs  can  be  observed  with  the  greatest 
ease,  and  the  process  may  be  followed  step  by  step.  First,  the 
living  coral;  then  its  dead  fragments,  broken  into  sand  by  the  waves; 
then  their  cementation  by  solution  and  redeposition  of  calcium  car- 
bonate; and  finally  the  solid  rock,  made  up  visibly  of  oi^anic  remains, 
may  be  seen.  In  such  limestones,  according  to  E.  W.  Skeats,*  both 
calcite  and  aragonite  occur,  directly  deposited  from  the  sea  water. 
In  composition,  when  recent,  they  are  like  l^e  coral  itself,  nearly 
pure  carbonate  of  lime,  but  a  little  oi^anic  matter  is  also  present, 
some  earthy  matter,  and  very  small  quantities  of  calt^iun  phosphate. 
In  corals  from  the  Oulf  Stream  S.  P.  Sharpies  *  found  from  95.37 
to  98.07  per  cent  of  CaCO,,  imd  0.2S  to  0.84  of  Ca,P,0,.  These 
results  are  concordant  with  those  obtained  by  many  other  analysts,* 
and  need  no  further  illustration  just  now.  The  alteration  of  coral 
rock  to  dolomite  will  be  considered  later. 

From  what  has  been  said  in  the  preceding  pages,  it  is  evident 
that  important  limestones  may  be  formed  in  various  ways,  which, 

I  Am.  Jour.  BoL.  adm.,  toI.  »,  p.  163, 1887. 

•  Zeltichr.  Dgafaich.  god.  OcaeU.,  vol.  37,  p.  OK,  ISKS. 

•  E.  J.  Onwood  <a«oL  Uw.,  WS,  pp.  MO^  UO,  £63)  hai  palnlad  out  tlie  gnat  gsolDglD  Impottaos  of  th* 


•  Boll.  Uua.  Comp.  ZooL,  vol.  i3,  pp.  sa-ias,  1«0>. 

•  Am.  lour.  ScL,  3dMr.,  ToL  1, 1S71,  p.  IBS. 

■  B»  lor  Bxunple,  0.  FmUiamnui,  Nauas  Jihib.,  lSi3,  p.  SU,  uid  A.  Ltrccaldga,  Proc  Roy.  Soi.  Nnr 
Boath  WolM,  ToL  K,  1880,  p.  IN,  m  ooral  from  Nsw  Hsbrlda,  and  coni  nick  from  Duka  ol  Yok  libsd. 
Aln  A.  I.  Iiikes.BR)wii  lod  1.  B.  HuilsoD,  Quart.  Joui.  0«oL  Son.,  toL  t7, 1S»1,  p.  334,  OD  ocnl  roeki 
bian  BubadocB.  A  nombn  of  antlyaa  of  coqulnB,  omlllne  UmBttsm,  etc.,  ani  glw  in  Bull.  C.  8. 
a<cJ.SDrTa;No.21S,im.  SOTnlaaalrMsb^E.'W.NIclialaappeailn Fab. Ill, Field C<duinblaal[iia., 
UOS,  p.  31.  BSTsal  analjua  <A  BraiUlan  conb  by  L.  B.  Lmox  arc  In  Bull.  Uob.  Comp.  ZouL,  vol.  U, 
IBM,  p.  9U.  Otlun  Iiom  Florida,  tha  Bslutiua,  etc.,  have  been  ncoitlr  Amlyied  In  tha  UtKntny  t< 
tbB  U.  S.  Oaologlcal  Surrey.  A  mauigr^lilo  paper  entStlad  Unteraudiungai  uebcc  trgauleclie  Ealkga- 
bDde,  by  0.  Baiachll  la  In  Abbandl.  £.  Qceetl.  Wlsi.,  OOCUiigan,  new  Hclaa,  ToL  «,  No.  3,1808.  Tbla 
p^KT  la  rich  In  raieraiKcs  to  literature. 
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however,  are  chemically  the  same.  Calcium  carbonate,  withdivwn 
from  fresh  or  salt  water,  is  lud  down  under  diverse  conditions, 
yielding  masseB  which  resemble  one  another  only  in  composition. 
An  oceanic  ooze  may  produce  a  soft,  flourlike  substance  such  as 
chalk,  or  a  mixture  of  carbonate  and  sand,  or  one  of  carbonate  and 
mud  or  clay.  Calcium  carbonate,  transported  as  a  silt,  may  soUdify 
te  a  very  smooth,  fine-gained  rock,  while  shells  and  corals  yield  a 
coarse  structure,  full  of  angular  fragments  and  visible  oi^anic  remuns. 
Buried  imder  other  sediments,  any  of  these  rocks  may  be  still  further 
modified,  the  fossils  becoming  more  or  less  obUterated,  until  in  the 
extreme  case  of  metamorphism  a  crystalline  limestone  is  formed. 
All  trace  of  oi^anic  ongin  has  then  vanished,  a  change  which  both 
heat  and  pressure  have  combined  to  bring  about,  uded  perhaps  b; 
the  traces  of  moisture  from  which  few  rocks  are  free.  Several  expwi- 
mental  investigations  bear  directly  upon  this  class  of  transformalaons. 

To  illustrate  the  influence  of  pressure  alone,  we  have  an  important 
experiment  by  W.  Spring.'  A  quantity  of  dry,  white  chalk,  incloeed 
in  a  steel  tube,  was  placed  in  a  screw  press  under  a  pressure  of  6,000 
to  7,000  atmospheres,  and  left  there  for  a  Uttle  over  seventeen  yeais. 
At  the  end  of  that  time  it  had  become  hard  and  smooth,  with  a 
glazed  surface,  and  was  somewhat  di3colored  by  iron  from  the  tubfr 
It  was  also  in  part  distinctly  crystalline;  in  short,  it  resembled  to 
some  extent  a  crystalline  limestone,  although  the  change  was  not 
absolutely  complete. 

When  heated  above  redness  at  ordinary  pressures,  limestone  decom- 
poses into  carbon  dioxide  and  lime.  This  is  the  common  change 
produced  in  a  limekiln.  Under  pressure,  however,  1^  dissociataon 
is  prevented  and  calcium  carbonate  may  be  apparently  fused. 
Over  a  century  ago  Sir  James  Hall '  heated  Umestone  in  closed 
vessels  and  obtained  from  it  a  product  identical  in  general  characto* 
with  crystalline  marble.  Since  Hall's  time  the  experiment  has  been 
repeated  by  a  number  of  other  investigators,  under  varying  condi- 
tions, with  various  degrees  of  success,  and  with  quite  diasimilar 
interpretetions.  It  was  supposed  at  first  that  HaU  had  fused  lime- 
stone, and  this  beli^  was  prevalent  for  many  years.  G.  Rose,* 
however,  transformed  a  compact  limestone  into  marble  as  HaU  had 
done,  but  without  evidence  of  fusion;  and  A.  Becker,*  in  a  more 
extended  research,  found  that  by  moderate  heat  and  relatively  slight 
pressure  calcium  carbonate  could  be  converted  into  a  finely  granular 

samnuryoltlierffiultaobtBtnedbyBucbab.PeUbddtiUidRkJittioimi,  saeJ.  Lemtxrg,  Ztttac^.  I>«alw±. 
geol.  OexlL,  vol.  24, 1S72,  pp.  23T-H1.  I.«iiib«rE  cilUolia  the  conclmlons  dnwn  bom  HiU'i  dUa.  and 
expresses  a  strong  doubt  la  to  whetlier  tuslM  tetoally  *MCuiT»d. 

>  Pofg.  AnitalaD,  vol.  118, 1SS3,  p.  MS. 

<  Win.  poL  Ultt.,  VOL  T,  isss,  p.  ISO.   BMkcT  also  ^ves  a  good  smnnurr  ot  tbe  Mdkc  Uleratiita  ol  Um 
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mass.  A  fioe  powder  of  the  carbonate  even  developed  into  latter 
gruna  of  calcite  without  atha"  fusing  or  softening. 

In  tiie  experinuKits  of  H.  Le  Chatelier  *  an  actual  fusion  of  the 
carbonate  was  perhaps  effected.  The  chemically  precipitated  car- 
bonate was  inclosed  in  a  steel  cylinder  between  two  pistons,  under  a 
pressure  of  about  1,000  kil(^;rama  to  t^e  square  centimeter.  Heat 
was  applied  by  an  electric  current  passing  through  a  spiral  of  plati- 
num wire  embedded  in  Hie  mass,  and  the  temperature  attained  was 
about  1,050°.  Under  tixeao  conditions  the  calcium  carbonate  near 
the  spiral  was  fused  to  a  transluceat  mass  resembling  some  marbles. 
Between  the  fused  and  unfused  portions  there  was  a  sharp  demarca- 
tion, with  no  indication  of  any  intermediate  state.  In  his  second 
paper  Le  Chatelier  states  that  even  at  1,020"  and  under  slight  or 
indgni£cant  pressure  calcium  carbonate  agglomerates  to  a  crystal- 
line mass.  In  similar  experiments  A.  Joannis  *  was  able  to  transform 
chalk  into  something  like  marble  at  a  temperature  above  the  melt- 
ing point  of  gold  and  under  a  pressure  of  15  atmosphOTOs.  Joamiis 
Bu^^ieets  tiiat  the  melting  point  at  calcium  carbonate  may  perhaps 
be  lowered  by  pressure.  H.  E.  Boeke,'  however,  has  obtained  a 
true  fusion  of  calcium  carbonate  at  1289°,  imder  a  pressure  of  110 
atanoBphM<ee. 

From  all  of  this  evidence  we  may  conclude  that  the  change  from 
apparently  amorphous  calcium  carbonate  to  a  distinctly  crystalline 
Umestone  or  marble  may  be  effected  by  preesure  alone,  heat  alone,  or 
boHi  together.  Actual  fusion  may  or  may  not  occur;  at  all  events 
it  seems  to  be  unnecessary.  Furthermore,  it  is  highly  probable  that 
water  plays  some  part  in  bringing  about  the  transformation,  for  in 
geological  phoiomcna  its  influence  is  rarely  excluded.  If  wat«r  did 
no  more  than  to  dissolve  and  redeposit  particles  of  carbonate,  it 
would  go  far  toward  producing  the  observed  change  in  structure. 
Under  those  conditions  the  carbonate  would,  in  time,  become  a 
coarsely  cryatalline  or  granular  mass  of  calcite. 

The  following  analyses  of  limestones  are  all  taken  from  the  lab- 
oratory records  of  the  United  States  Qeological  Survey,* 

I  Compt.  Rend.,  vol.  IIG,  lStl2,  pp.  817,  lOOV.    Tvo  ft^m. 
>Iil>iii,TDLllS,18M,PF.<IM,133a.    TwDp^ias. 

•  Nana  Inhrb.,  1913,  Band  1,  p. 81.  In  toMia  ptpa,  Hltt.  Naturfonch.  Qesell.  Halts,  vol  3, 191S,  Bocte 
has  also  deUrmlned  the  melting  point  cf  barium  carbonate,  1,100*  undsr  M  atmosphera  prcasure,  and 
•tnmtlnia  carbonate,  1,497°  undcrMatnusptieraL 

•  Saa  BnlL  No.  US,  1«04,  pp.  301-3W,  wbn  334  analyMa  of  earboMta  rocks  are  gIvtD.  Fat  Mb«t  data 
■«  T.  C.  Hopkins,  Ann.  Kept.  Arkansaa  OeoL  Barvvj,  vol.  i,  1890;  8.  W,  UcCalUe,  BoU.  QcoL  BtavBj 
Ovxth  No.  1,  I90t.  F.  Q.  Clqip,  BuD.  U.  8.  0«oL  Bamj  Ho.  3«,  ISOS,  ^m  many  anal^acs  compiled 
Itam  tba  geokilca]  nporta  ol  PBuHjlvanla.  H.  Rleeand  E.  0.  Eokel,  BoU.  New  Yvk  Bute  Hus.  No.  M, 
1901;  Rlai,  FMr-flrat  Ann.  Kept  New  Ytck  State  Hob.,  pt  9. 18W,  pp.  3S7-MT;  £.  C.  Ei^el,  BnlL  U.  S. 
a«DL  Somr  No.  343, 190(1,  en  cement  naMUi;  W.  O.  Killer,  Rapt  Bur.  Itbiea  (Oatarlo).  pt  3, 1904; 
T.  C  Hc^kliB  and  C.  E.  Mbmtlial,  Tmnty-Ont  Ann.  Rept.  Dapt.  aeajogy,  etc,  Indiana,  ItOH,  pp.  39a- 
137.  OnthasTtdutlimoflinMalaieaandthatelaticBicftliBtronDpaaitloo toBK>logl«aga*^R. A.Daiy, 
BnlL  OeoL  Soo.  Amnha,  19M,  toL  30,  p.  Ua. 
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Limestones  undergo  alteration  in  sereral  ways.  They  may  be  silici- 
fied  by  percolating  waters,  or  phoephatized,  as  is  oft«n  seen  on 
guano  islands.*  By  oxidation  of  inclosed  pyrite,  acid  sulphates  can 
be  formed,  and  these  will  alter  the  limestone  partially  or  entirely  to 
gypsum.  Acid  waters  dissolve  limestone  wiUi  evolution  of  carbon 
dioxide;  and  some  effervescent  springs  may  owe  th^  sparkling 
qualities  to  reactions  of  this  kind.  A  honeycombed  limestone  at  the 
bottom  of  Lake  Huron  was  possibly  corroded  by  water  of  an  acid  type. 
R.  Bell  *  found  the  water  of  the  lake  over  the  limestones  to  be  distinctiy 
acid,  the  acidity  having  been  possibly  derived  from  sulphides  in 
Euronian  rocks  to  the  northward.  By  Uiermal  metamorphisn  alime- 
stone  may  be  profoundly  altered;  but  that  class  of  changes  is  to  be 
considered  in  another  chapter.    By  far  the  most  important  alteration 

■  OnU)SlQli:UlcBlkiuarilnmtoEM«eF.  Knhlimnn,  Ann.  Cbenu  Phinii,,T<J.«,  18a,p.3aO;  I.  Len- 
bsiE,  Zeltaohr.  Deulsch.  ^xA.  OesnU..  vid.  28,  IBTfi,  p.  SSa;  ud  W.  Onnun,  Inrag.  Din.  morale  WS. 
Od  Iha  atUclfloilkiD ot  fonOi,  fi.  B.  Bknler.Pioe.  U.B.Nat.  Hog., m. St, IMH, p.  133.  Oni^eaidiatltt- 
tioosbgR.  IrrlneBiidW.  S.AndBniHi,  Pnx.  Ilo7.Boe.EdlDbiii#,vol.  Il^Utl.p.Il;  L.  Q—aw,  1imb|. 
DiM.  Fnlbiii^  IMS,  and  ralsfsiims  In  the  jactkm  on  jrixHpbate  laak  tai  tlM  pimudlug  A^Hr. 

•  BidL  Olid.  Soc.  AioBin,  voL  B,  IM,  p.  303. 
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however,  is  that  produced  by  waters  containing  carbon  dioxide, 
especially  meteoric  waters.  These  dissolve  limestone,  and  the  caverns 
formed  in  limestone  regions  are  produced  in  this  way.  Great  masses 
of  limestone  are  thus  removed,  to  be  deposited,  generally  in  a  diffused 
form,  elsewhere.  At  the  same  time,  the  insoluble  residual  impurities 
are  left  behind,  in  the  form  of  sand,  clay,  ores  of  manganese  and  iron, 
etc.'  Some  analyses  of  such  residual  clays  are  given  in  the  preceding 
chapters.  These  residues  ar«  very  variable  in  composition,  and  rarely 
approjdmate  to  kaolin.  This  point  was  developed  by  H.  Le  Chate- 
lier,'  who  dissolved  several  calcareous  maris  in  acetic  acid,  and 
analyzed  the  residual  siUcates.  Koolinite  was  not  found  in  th^n; 
hut  hydrous  sihcates  of  aluminum,  ill  defined  and  impure,  were  gen- 
erally obtuned.  In  one  sample  from  the  French  Congo,  the  residue 
was  a  silicate  of  magnesium.  According  to  A.  L.  Ewing,*  the  rate  of 
limestone  erosion  in  Spring  Creek  Valley,  Center  County,  Pennsyl- 
vania, amounts  to  275  tons  per  square  mile  per  annum.*  This  cor- 
responds to  a  lowering  of  the  land  surface  in  that  region  of  about 
one  foot  in  nine  thousand  years. 

DOI.OMITE. 

In  the  foregoing  pages  upon  limestone,  the  m^inesian  varieties 
have  been  purposely  left  out  of  account.  They  represent  transitions 
from  calcium  carbonate  to  dolomite,  CaMg(CO,)„  a  rock  of  great 
importance  both  practically  and  theoretically,  and  one  which  de- 
mands separate  consideration.  In  addition  to  dolomite,  it  is  neces- 
sary fdso  to  consider  magnesium  carbonate  itself,  m^nesite,  and  its 
hydrous  derivatives,  of  which  several  are  known.  Like  calcium  car- 
bonate, these  species  origmate  in  very  different  ways,  and  some  of 
the  processes  by  which  they  form  must  be  discussed  in  connection 
with  the  subject  of  serpentine  later.  Only  the  compounds  of  sedi- 
mentary or  organic  origin  fall  within  the  scope  of  this  chapter. 

The  double  carbonate,  dolomite,  can  be  produced  artificially  by 
several  methods,  and  its  accidental  formation  has  also  been  observed. 
C.  de  Marignac  *  obtained  it  by  heating  calcium  carbonate  with  a 
solution  of  magnesium  chloride  to  200°,  under  a  pressure  of  15  atmos- 
pheres. J.  Durocher '  heated  fragments  of  porous  limestone  with 
dry  magnesium  chloride  to  dull  redness  in  a  closed  gun  barrel,  in 
such  manner  that  the  carbonate  was  impregnated  by  the  vapor  of  the 
chloride.  Under  those  conditions  the  limestone  was  partly  changed 
to  dolomite.    The  local  formation  of  dolomite  by  volcanic  action  is 

iSeel.C.  Roaa^.BDll.  U.  8.  Oeo[,  Survey  ffo.SS,  1889,  I0ia<ll9cna3kinott]i]isab>eot.     Runell leguilg 
the  CllDlon  Iron  ores  of  Atebams  as  residues  of  thb  kind,  but  lib  vlewi  OD  Qi*t  nutler  have  bean  cumtEsted. 
•Compt.  Rend.,  vol.  US,  tBH,  p.  sez. 

•  Am.  Joar.  Bel.,  M  aar.,  to!.  M,  18SS,  p.  U. 
<0r39.I73grai]u  per  square  meter. 

•  Ctttd  In  a  manulr  by  A.  ravn,  Compt.  Rsid.,  vol.  3S,  IMa,  p.  M. 

•  Id«m,Ti>L33,l»l,p.M. 
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explained  by  this  experiment,  but  tbat  mode  of  occurrence  is  of 
minor  import.  C.  Sainte-Claire  Deville '  saturated  cbalk  with  a 
solution  of  magnesium  chloride  and  heated  the  mass  upon  a  sand 
bath.  A  partial  replacement  of  lime  by  magnesia  was  thus  effected, 
and  similar  results  were  obtained  with  corals.  A.  von  Morlot,'  by 
heating  powdered  calcite  with  magnesium  sulphate  to  200°  in  a  sealed 
tubiB,  transformed  the  carbonate  into  a  mixture  of  dolomite  and  gyp- 
sum. This  reaction  had  been  suggested  by  Haidinger,  in  order  to 
account  for  the  frequent  association  of  the  two  last-named  species. 
The  process,  however,  is  reversible,  and  solutions  of  gypsum  will 
transform  dolomite  into  calcium  carbonate  and  magnesium  sulphate. 
Efflorescences  of  the  lattw  salt  are  not  uncommon  in  gypsum  quai^ 
ries,  and  H.  C.  Sorby  *  has  observed  them  in  Permian  limestones. 
Because  of  this  reaction,  according  to  Sorby,  the  upper  beds  of  mog- 
neeian  limestone  are  often  more  calcareous  than  the  lower.  Th^ 
content  in  magnesia  has  been  diminished  in  thia  way. 

The  elaborate  experiments  of  T.  Steiry  Hunt  *  upon  the  precipi- 
tation of  calcium  and  magnesium  carbonates,  especially  by  alkalme 
carbonates  from  bicarbonate  solutions,  are  too  complex  to  admit  of 
anything  like  a  full  summary  here.  In  most  of  the  experiments 
mixtures  of  calcium  carbonate  with  the  hydrated  magnesium  com- 
pound were  obtained.  When,  however,  the  pasty  mass  formed  by 
precipitating  the  two  carbonatee  together  was  heated  to  temperatures 
above  120°,  union  took  place  and  dolomite  was  formed.  From  the 
fact  that  a  sedim«itary  dolomite  could  thus  be  produced,  Hunt  con> 
eluded  that  dolomite  is  generally  a  chemical  precipitate,  a  view  which 
is  not  widely  held  to-day. 

Still  more  recently  G.  Linck  *  has  reported  a  synthesis  of  dolomite 
effected  in  the  following  way:  Solutions  of  magnesium  chloride, 
magne»um  sulphate,  and  ammonium  sesquicarbonate  were  mixed, 
and  to  the  mixture  a  solution  of  calcium  chloride  was  added.  An 
amorphous  precipitate  formed,  which  upon  prolonged  gentle  heating 
in  a  seated  tube  became  crystalline,  and  had  the  composition  and 
optical  properties  of  d(^omite.  IJnck  believes  that  the  conditions  of 
this  synthesis  are  f  ulMed  in  nature,  and  that  ammonium  salts  derived 
from  oif^anic  decomposition  play  an  important  part  in  the  formation 
of  marine  dolomite.  Following  Linck,  K.  Spangenbei^  *  succeeded 
in  producing  dolomite  by  heating  vaterite  with  a  solution  of  sodium 
carbonate  and  m^paesium  chloride  at  1S0°~200°  in  an  autoclave 
luider  a  pressure  of  50  atmospheres  of  carbon  dioxide. 

>  Compt.  Raod.,  vol.  47,  ISSS,  p.  SI. 

■  Ishnab.  ChHnle,  Ig47-W,  p.  U80.    Abo  Compt.  KBd.,  toL  M,  1S18,  p.  311. 

•  Kept.  Brit.  Anoc.  Adv.  BcL,  ISU,  p.  77. 

•  Am.  loor.  ScL,  3d  mr.,  toL  2«,  lS»,pp.  ITD,  965;  ToL  41, 1866,  p.  U. 

I  yotutsh.  Deats^.  E«oI.  OoalL,  1B09,  p.  230.  W.  lUgW  (OmL  Hgndadun,  ToL  1,  p,  Ul,  UOO), 
npsBtad  liuGk's  •rptrlinsit,  bat  without  aootw. 

•  ZaltKhr.  StjSL  iOa.,  voL  EI,  p.  SX,  iSii. 
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In  sereral  instancee  the  deposition  of  mogneeian  travertme  and 
even  of  dystallizbd  dolomite  from  natural  watore  has  been  obaerred. 
According  to  J.  Girardin,'  the  traTertine  formed  by  the  mineral 
spring  of  St.  Allyre,  near  Clermont,  in  Fnmce,  is  rich  in  magneeium 
carbonate.  In  recent  travertine  he  found  28.80  per  cent  of  MgOO, 
vith  24.40  of  CaCO,,  and  in  old  trarertine  the  proportions  were  26.86 
and  40.22,  reepectiT&Ij.  Whether  this  represdnte  dolomite  or  a  mix- 
ture of  the  carbonates  was  not  determined.  A.  Moitessier  *  found 
tix&t  in  a  badly  closed  bottle  of  water  from  another  French  spring 
distinct  crystals  of  dolonute  bad  been  deposited.  In  another  water 
from  a  hot  spring  near  the  Dead  Sea,  which  was  transported  to  Paris 
in  a  sealed  tube,  mmilar  crystals  were  found  by  A.  Terrell.*  From 
this  obserration  Lartet  concludes  that  the  dolomitee  of  the  Dead  Sea 
Tf^on  were  probably  formed  through  the  impr^nation  of  limestones 
by  magneeian  waters. 

On  the  other  hand,  E.  von  Oomp-Besanez  *  fotmd  that  springs 
from  the  dolomites  of  the  Jura,  which  contain  calcium  and  mag- 
neeium carbonates  in  the  dolomite  ratio,  deposit  the  mixed  salts 
npon  evaporation  and  not  the  doable  compoimd.  Gorup-Bceanez 
observed,  however,  that  carbonated  waters,  acting  upon  doloniite, 
disstJve  tiie  mineral  witii  its  ratios  undisturbed.  The  occurrance 
of  dolomite  geodes  in  nu^esian  limeetones  would  seem  to  show 
that  in  such  cases  at  least  the  double  salt  can  be  re-formed.  Similar 
results  were  earlier  obtained  by  T.  Scheerer,*  when  artificial  solutions 
of  calcium  and  magnesium  bicarbonate  wwe  allowed  to  evaporate 
spontaneously  at  ordinary  temperatures.  Only  mixttu-es  were 
formed,  no  dolomite.  He  ako  foimd  that  powdered  chalk  precipi- 
tated magnesium  carbonate  from  a  bicarbonate  solution,  although 
carbonated  waters  dissolved  calcium  carbonate  out  of  magneaian 
limeetones.  The  last  observation,  however,  had  been  made  by 
other  chemists  previously. 

In  Hunt's  investigations  it  became  evident  that  temperature  is 
an  important  factor  in  the  formation  of  dolomite.  The  same 
conclusion  is  to  be  drawn  from  F.  Hoppe-Seyler's  experiments.* 
At  ordinary  temperatures  a  solution  of  magnesium  chloride  acting 
npon  caldnm  carbonate  for  several  months  yielded  no  dolonute. 
Sea  water  mixed  with  an  excess  of  calcium  carbonate  and  saturated 
with  carbon  dioxide,  after  standing  four  monl^  in  a  closed  flask, 

I  AmttkB  des  mlna,  3d  nr.,  vol.  II,  183T,  p.  MO. 

t  Jahrab.  CbKOla,  IMS,  p.  118. 

>  Clt«d  b7  L.  LarM,  BnlL  Boo.  g«oL  France,  M  an.,  toL  23,  IMS,  p.  750. 

•  Lkbl^  Anndeii,  BeD.  Butd  8,  ISIS,  p.  330. 
•NKMBllbtb.,18<B,p.l. 

•  Zelt»clir.DeutBdi.geoLaMen.,ToL2T,187S,p.K».    lotblsDonneDtlanftiii^beiiotMltliatH.C.  Borby 
(Quart.  Jour.  Ocol.  Boc.,  toL  3E,  Pcoc.,  I3TV,  p.  GO)  toond  that  Ii  ~      ~ 
shiorida,  beouue  iloirl;  tmroited  wilh  mBgnielum  carbanate. 
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also  failed  to  form  dolomite.  But  when  m^;ne8ium  ealts  or  sea 
water  were  heat«d  with  calcium  carbonate  in  sealed  tubes,  th^ 
both  dolomite  and  magnesite  were  fonned.  Carbonate  of  lime, 
heated  to  over  100°  with  a  solution  of  magnesium  bicarbonate,  g&ve 
this  result. 

In  the  oarlier  refiearchea  upon  the  conyeraion  of  limestone  into 
dolomite  little  or  no  attention  seema  to  have  been  paid  to  the 
mineralogical  character  of  the  initial  substance.  In  C.  Klement's 
flxperim^its  *  aragonite,  the  less  stable  form  of  calcium  carbonate 
and  the  form  which  is  abundant  in  coral  reefs,  was  especially  studied. 
It  was  found  that  a  concentrated  solution  of  magnesium  sulphate 
at  60°  would  partially  transform  aragonite  into  magnesium  car- 
bonate, and  coral  was  altered  in  the  same  way.  Calcite,  by  similar 
treatment,  was  but  slightly  attacked.  Magnesium  sulphate  and 
Bodiimi  chloride  used  ti^ther  altered  aragonite  strongly,  forming 
a  product  conUuning  as  high  as  41.5  per  cent  of  MgCO,.  Normal 
dolomite,  ideally  pure,  would  contain  45.7  per  cent.  Magnesium 
chloride  proved  to  be  less  active  tJian  the  sulphate.  The  products 
of  these  reactions  conaisted,  however,  not  of  dolomite,  but  of  the 
mixed  carbonates,  and  Element  su^esta  that  mixtures  of  this  kind 
would  probably  in  time  recrystalhze  into  the  double  salt.  He 
attributes  the  formation  of  dolomite  to  the  action  of  sea  water  in 
closed  lagoons  upon  aragonite — that  is,  upon  coral  rock.  The  latter, 
as  will  be  shown  presently,  is  often  the  parent  of  dolomite.  It  must 
be  observed,  however,  that  aragonite  is  not  the  only  parent  of  dolo- 
mite, for  pseudomorphs  of  dolomite  after  calcite  are  well  known.* 

Two  odier  investigations  upon  the  synthesis  of  dolomite  remus 
to  be  mentioned.  L.  Bourgeois  and  H.  Traube'  obtuned  it  by 
heating  a  solution  of  magnesium  chloride,  calcium  chloride,  and 
potassium  cyanate,  KCNO,  to  130°  in  a  sealed  tube.  This  mode  of 
production  has  no  geolc^cal  significance,  except  in  so  far  as  it 
shows  that  the  neceesary  carbonic  acid  may  be  supplied  from  organic 
or  semiorganic  sources.  Such  sources  ore  considered  by  F.  W. 
PfafF,*  who  has  shown  that  the  products  of  oi^anic  decompositioQ, 
as  derived  from  the  coral-building  organisms,  probably  take  part  in 
the  dolomitic  process.  Not  alone  carbonic  acid  is  generated  during 
organic  decay,  but  ammonium  carbonate,  ammonium  sulphide,  and 
hydn^n  sulphide  are  also  produced,  and  these  compounds,  accord- 
ing to  Pfaff,  appear  to  assist  in  the  formation  of  dolomite.    In  a 

iBull.Boc.  Beige efol.,  vol.9, Uim.S,lB<».    Uln.p«t.Uftt.,  voL  14,  IHH.p.  G2fl.    B» aba niiwriaMDb 
by  O.  UthliT,  baag.  Din.,  Fnlburg,  IBM. 
■  S«e  Blum's  PseudamorphcBm,  p.  Ill,  and  NaobtnVi  p.  23. 
>  Bull.  Soo.  mlD.,  vol.  lb,  IH!,  p.  13. 
I  Ncnes  Jahrb.,  Ben.  Band  9,  ISM,  p.  48S.    A  later  p^xr  by  PtaS  Is  pabUdied  in  vid.  aS,  1907,  p.  ffiS. 
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later  paper,  however,  Pfaff^  states  that  when  a  curreait  of  carbon 
dioxide  is  passed  for  a  long  time  through  a  warm  solution  of  the 
sulphates  and  chlorides  of  magnesium  and  calcium  the  solution, 
upon  slow  evaporation  at  a  temperature  of  20°  to  25°,  yields  a 
residue  which  contains  a  double  carbonate  insoluble  in  weak 
hydrochloric  acid.  That  is,  under  these  conditions,  which  might 
be  approximately  paralleled  in  the  concentration  of  sea  water, 
dolomite  may  be  formed. 

Under  certfun  exceptional  conditions  magnesium  carbonate  may 
be  deposited  alone.  A  solution  of  the  bicarbonate  on  evaporating 
spontaneously  forms  the  hydrous  salt  MgC0,.3H,0,  which  corre- 
sponds to  the  rare  mineral  nesqaehcKUte.  This  species,  described  by 
F.  A.  Qenth  and  &.  L.  Penfield,*  from  the  Xeaquehoning  anthracite 
mine  in  Pennsylvania,  was  there  produced  by  the  alteration  of  a 
basic  carbonate,  lansfordite,*  3MgCO,.Mg(OH),.2lH,0,  which  first 
fonned  as  stalactites  in  one  of  the  galleries.  Nesquehonite  has  since 
been  identified  by  C.  Friedel  *  as  a  similar  formation  in  a  French 
coal  mine.  Such  stalactiftnm  minerals  are  obviously  deposited 
from  solution  in  carbonated  waters. 

The  term  "dolomite"  is  sometimes  loosely  used  by  geologists  as 
equivalent  to  magneeian  limestone.  Any  limeetone  containing  nota- 
ble amounts  of  magnesia  may  be  described  by  this  n«me.  Properly, 
the  word  should  be  restricted  to  the  de&iite  double  carbonate, 
which  occurs  both  as  a  well-crystalUzed  mineral  and  as  a  massive 
rock.  When,  after  allowing  for  natural  impurities,  the  molecular 
ratio  of  lime  to  magnesia  in  such  a  rock  is  1 :1,  it  is  legitimately,  at 
least  in  most  cases,  a  dolomite,  but  exceptional  mixtures  are,  of  course, 
possible.  Ordinarily,  a  magnesian  limeetone  ia  a  mixture  of  dolo- 
mite and  calcite,  with  such  impurities  as  sedimentary  rocks  and  lime- 
stones in  general  are  hkely  to  contain.  In  these  rocks  the  ratio  of 
lime  to  magnesia  is  greater  than  1:1;  but  in  computation  it  must 
be  remembered  that  some  dolomites  contain  iron,  which  replaces 
magnesia  in  equivalent  am{>unta.  Ferruginous  dolomite,  or  ankerite, 
ia  not  rare.  All  the  iron  of  a  carbonate  rock,  however,  is  not  neces- 
sarily a' part  of  the  carbonate.  It  may  be  present  as  hydroxide  or 
in  claylike  impurities,  and  these  possibilities  must  be  taken  into 
account  in  any  interpretation  of  the  dolomites.    In  some  cases  free 

'Oei)toalU.Xtai.,aeoL  a.  Pal,,  1903,  p.  SN.  Pfaa  n«Rrds  pmsore  u  m  Important  futor  ]□  the  forms- 
tlon  of  dolomlle.  EiB  ODDCliuknii  art  eriUelinl  tn  an  frnportut  paper  by  E.  PbHlppi  (NeoH  Jahrb. 
Fotbuxl,  IIOT,  p.  307),  vbo  clUa  evldenot  to  ihow  tliat  cettalu  dolomltla  nodnln  bsTo  been  formeil  by 
tbemkti  predplUtlcii.  F.  Tttttn  (CentnlbL  U In.,  Qeol.  u.  P«l.,  ISOV,  p.  HM)  flndi  thU  the  Kaat  dolo- 
mlta  of  Croatia  oontahi  nodiom  chloride  and  oalchun  mlphate,  whlDh  gaggata  a  nuttae  orlgfn.  E. 
SteUUnacnCJoar.  Oddogy,  Tol.  19, 1811)  has  alio  itadM  th«  maitaM  relatlonditpe  of  dolomlta. 

■  Am.  loaz.  BoL,  adser.,  vol.  39,  ISBO,  p.  131. 

•Dcoralbed  by  Oentb,  Zeltocfar.  Xrygt.  ICtai.,  toI.  1«,  1S88,  p.  2M. 

•  Bnll.  Boc.  mm.,  vi^  It,  IMI,  p.  «0.  See  abo  H.  Leltmeisr  (Zettschr.  Kiyst.  Mln.,  Tol.  47,  INiv  P.  UK 
on  the  dapoaltloD  of  m«|pi««im  hydrooarbonatea  by  ths  mlDoal  aprbiga  of  Boblttdl,  SQrli. 
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magnesiaii  carbonates  must  also  be  considered,  and  in  certsin  alter- 
ation  products,  brucite,  MgO,H„  may  also  occur.  Commonly  the 
dolomites  are  fairly  simple  in  composition,  and  difficulties  in  inter- 
preting the  analyses  rarely  arise. 

Id  the  study  of  natural  dolomitee  as  well  aa  in  the  synl^etic  ex- 
periments which  have  just  been  described,  it  is  often  necessary  to 
discriminate  between  the  aeparate  carbonates  and  the  true  double 
salt.  In  most  cases  this  is  easily  done  by  taking  advantage  of  differ- 
ences  in  solubiUty.  Calmte  and  aragonite  dissolve  easUy  in  weak 
acetic  or  hydrochloric  acid;  dolomite  and  magneeite,  at  onUnary 
temperatures,  are  attacked  slowly.'  These  magnesian  carbonates 
are  not  absdutely  insoluble  in  dilute  acids,  but  they  are  sufficiently 
resistant  to  admit  of  a  rough  separation  from  calcite,  and  their  subse- 
quent identification.  From  a  mixture  of  dolomite  and  calcite,  cold 
dilute  acetic  acid  will  dissolve  tbe  latter  mineral,  leaving  nearly  all 
of  the  dolomite  unattacked.  From  mixtures  of  calcite  and  m^ne- 
site,  on  the  other  hand,  all  of  the  lime  will  be  thus  removed.  Some 
magnesia  also  may  pass  into  solution,  for  as  Veeterbeig  has  shown, 
there  are  magnesian  carbonates,  probably  basic  or  hydrous,  which 
dissolve  with  ease.  Magneeite  is  even  more  refractory  toward  sol- 
vents than  dolomite. 

Furthermore,  discrimination  between  caldte  and  dolomite  can  be 
effected  by  microchemical  tests.  Among  the  best  of  these  is  that 
described  by  J.  Lemberg,'  whose  reagent  consists  of  a  solution  of 
alumimmi  chloride  and  htematoxylin  (extract  of  logwood).  Hiis 
reagent  deposits  a  violet  coating  upon  calcite  surfaces,  but  leaves 
dolomite  uncolored.  According  to  F.  Corau,*  the  two  minerals  are 
easily  distinguished  by  covering  the  powdered  material  with  water 
and  adding  a  few  drops  of  phenolphthalein  solution.  Caltnte  gives 
a  strong  coloration;  dolomite  is  affected  but  slightly.  E.  EUnden* 
states  that  limestone  is  colored  red-brown  by  ferric  chloride  solution, 
and  blue  by  copper  sulphate,  dolomite  remaining  unchanged. 

So  far  as  the  experimental  evidence  goes,  dolomite  can  be  formed 
in  several  ways.  In  specific  cases,  however,  field  evidence  must  be 
brought  to  bear.  First,  dolomite  may  exist  as  a  true  chemical  sedi- 
ment, although  occurrences  of  this  kind  are  probably  rare.    O.  Leube' 

>UpinilluegdlffanocMlnBalul)IIit7  tb«relsanabuiidaDtlIHcBture,whlcb  baa  be«n  vaU  smmmiliKl 
bf  A.  VeMarbOE,  BuU.Owl.Int  Upsola.vol.G,  IWl,  p.  0T;  toI.  B,1«0S,  p,2U.  Bm  alw  thi  iriiUiMlD 
jwiMnalnad]'  ollad,  and  Hauahotei,  SltiuiiBib.  K.  Akad.  WIS9.  WUuhca,  vdL  11, 1881,  p.  330. 

iZaltlcbr.  DculsctL  e«al.  a«s«ll.,  rgl.  40, 188S,  p.  3£7.  la  vol.  39, 1887,  p.  U»,  Lembtrg  dnorlbn  tats 
bsaediQwntliB  nwol  tonic  chloride  uid  Knumnlnm  sulidildo.  InaaUUvarllH  paper  (op.  all., tdLM,  1873, 
p.  US)  Lemberg  gives  taa  ts  with  9llTn  nltnU,  which  italiis  caldU  and  dDlomlta,  after  Ignitlaii,  rnxquaUj. 
ScealaoOttoUarer,  Zeltschr.  DBulsch.g«ol.  0(eelI.,Tcl.3I,  lST«,p.Mt. 

■  Centmlbl.  UhL,  Oeol,  u,  PaL,  ISM,  p.  UO. 

'  Verbaodl.  Naturfonch.  Oesall.  Bawl,  vol.  IE,  IVa,  p.  301.  O.  Uablar  (Inauf.  Din.,  ftaibarK,  ISOB) 
OndstharsTlcdilorldeimiaUsIactoTybut  oblolnsd  good  results  wllh  tbe ooppa ult.  On  tba o^^s  test 
■ae  also  £.  Spaugenbeig,  ZeltHdic.  Xt^t  lUn.,  vol.  EI,  p.  eas,  urn 

•  Nausi  Jatub.,  ISM,  p.  371. 
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described  a  "freeh-water  dolomite"  near  TJlm,  in  Bavaria;  and  C. 
W.  GOmbel,'  studying  the  dolomites  of  the  same  region,  which  are 
interbedded  with  limestones,  likewise  asserts  their  sedimentary  ori- 
^.  T.  Scheerer'  also  argues  that  the  oldest  dolomites  were  formed 
as  chemical  precipitates;  and  T.  Sterry  Hunt's*  positive  views  on 
this  sabject  are  well  known.  Hunt's  experiments  help  us  to  under- 
stand how  sediments  of  dtJomite  may  perhaps  be  formed;  and  it  is 
also  possible  that  algte  may  precipitate  mixed  carbonates  just  as  they 
do  calcareous  marl.  When  the  carbonates  are  thrown  down  together, 
heat  and  pressure  may  combine  to  bring  about  their  union.  These 
su^iestions  relate  to  possibihties  only;  and  it  would  be  rash  to  assert 
positively  that  dolomites  are  ever  formed  on  a  large  scale  by  direct 
sedimentation. 

Magneetaa  carbonates  are,  however,  deposited  with  calcium  carbon- 
ate by  marine  organisms,  albeit  in  small  relative  amounts.  0.  Forch- 
hammer*  made  many  analyses  of  sheila  and  corals,  finding  mag- 
nesium carbonate  in  them  in  percentages  ran^ng  from  0.15  to  7.64, 
1  per  cent  being  rather  above  the  average.  This  result  has  been  con- 
firmed by  mimy  other  investigators.  In  LUhoihammum  nodosum 
OQmbel*  found  2.66  per  cent  of  MgO  and  47. 14  of  CaO;  and  A.  G.  H6g- 
bom*  in  fourteen  analyses  of  algce  belonging  to  this  genus  reports 
from  1.95  to  13.19  per  cent  of  MgCOj.  To  these  higher  figures  refer- 
ence will  be  made  later. 

In  1906  H.  W.  Nichols '  published  an  analysis  of  the  skeleton  of  a 
recent  crinoid,  and  found  in  it  about  11  per  cent  of  magnesium 
carbonate.  Several  years  later  C.  Palmer,  in  the  laboratory  of  the 
U.  S.  Geological  Survey,  analyzed  two  more  crinoids,  and  obtained 
similar  results.  In  1914  the  subject  was  taken  up  more  extensively 
by  F.  W.  Clarke  and  W.  C.  Wheeler,*  and  24  analyses  were  made, 
representing  21  genera  of  crinoids  and  a  wide  range  of  habitat.  In  all 
of  them  magnesium  carbonate  was  found,  in  proportions  ranging  from 
7.28  to  12.69  per  cent,  the  amount  varying  with  the  temperature  of 
the  water  in  which  the  creatures  lived.  In  cold-water  forms  the 
figure  for  magnesia  was  low,  while  in  tropical  forms  the  figure  was 
high;  a  sharply  defined  relation  for  which  an  explanation  is  yet  to  be 
found.    This  research  was  followed  up  by  a  series  of  analyses  of  the 

1  Bitnmgsb.  K.  Akad.  WM.  Uflochai,  ISTl,  HaK  1,  p.  4E. 

>  Naua  lahrfa.,  ISSO,  p.  1. 

■  Sm  ChamJoal  WKl  Ewloglna  o";!.  P- SO,  and  tha  Ulsratun  alnady  alMd. 

<NMMSI*liib,,  Ism,  p,  MM.   The  hlgjiaat  llguie  In  ForDhhammer'a 

•  AbluDdL  K.  Akad.  Wlo.  UOiuhoii,  voL  II,  1S71,  p.  as. 

•  N«UM  Jahrb.,  UM,  Band  1,  p.  Itl.    The  analyMa  wan  nude 
bom,  whoglvw  divU  for  lavanil  ahella  and  oorali  also.    In  the  litter  oi 
R.  C.  Wallaoa  (lour.  Oeoloe;,  voL  31,  p.  tie,  1813)  haa  ooiHldarad  tba  ralaUm  qI 
pfoduction  ot  dolomite. 

t  FWd  Colombian  Uuwom,  Pub.  Ui,  p.  SI,  1«0S.   Saealao  A.  H.  catik,  Frae.  U.  B.  Hat  H 
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inorganic  parts  of  sea  urchins,  starfishes,  and  brittle  stars,  with  results 
strictly  comparable  with  and  paraUel  to  those  found  for  the  crinoidsJ 
Similar  quantities  of  magnesia  were  found,  and  the  same  temperature 
regularity  was  observed.  In  short  it  seems  to  be  established  that  the 
inoi^anic  constituents  of  any  echinoderm  will  have  the  composition 
of  a  moderately  magnesian  limestone,  and  the  largest  proportion  of 
magnesia  will  be  found  in  organisms  from  relatively  warm  waters.* 
It  is  not  to  be  assumed,  however,  that  magnesian  sediments  follow 
the  same  rule.  A  dense  population  of  forms  low  in  magnesia  would 
deposit  a  larger  amount  of  it  than  a  sparse  population  of  richer 
oiganisms.  Clarke  and  Wheeler  also  report  analyses  of  10  fossil 
crinoids,  ranging  from  the  Ordovician  up  to  the  Eocene,  but  with 
inconclusive  results.  Alterations  due  to  leaching  and  to  infiltration 
of  foreign  substances  such  aa  silica  and  the  carbonates  of  iron  and 
manganese  effectually  obliterated  all  the  r^ularities  shown  by  the 
recent  living  forms.  The  calcareous  aign  analyzed  by  Hogbom 
show  no  such  temperature  relations  as  are  exhibited  by  echinoderms. 
From  these  data  it  is  clear  that  limestones  formed  by  marine 
organisms  must  contain  magnesia,  and  evidence  shows  t^t  as  a  rule 
t^y  contain  rather  more  of  It  proportionally  than  the  remains  from 
which  they  are  made,  llie  analyses  of  oceanic  oozea  collected  by  the 
OhaUenger  expedition,  as  discussed  by  HOgbom,'  show  this  fact  very 
well,  and  also  iUustrate  the  tendency  of  the  magnesium  carbonate 
to  accumulate,  while  t^  more  soluble  calcium  carbonate  is  dissolved 
away.  That  is,  by  the  leaching  of  these  deposits  they  become  rela- 
tively enriched  in  magnesia,  until  in  the  extreme  cases  something 
very  near  the  true  dolomite  ratio  is  attained.  In  short,  a  dolomite 
may  be  produced  by  concentration  from  a  magnesian  limestone,  and 
either  sea  water  or  percolating  waters  of  atmospheric  origin  may 
operate  in  this  way.  Grandjean  *  was  probably  the  first  to  interpret 
certain  dolomites  as  having  been  formed  by  this  process,  a  view  which 
various  other  writers  have  adopted  and  which  is  well  developed,  in 
H^hom'a  memoir.  H^bom,  in  addition  to  the  facts  already  cited, 
brings  other  important  evidence  to  bear  upon  the  problem.  Ho 
shows  that  stalactites  from  caverns  in  the  coral  rocks  of  Bermuda 
contain  only  0.18  to  0.68  per  cent  of  magnesium  carbonate,  while  the 
rocks  themselves  carry  about  five  times  as  much.*    Here  the  lime 

I  ProC.  Paper  C  S.  Qto\,  Burrar  So.  VO-L,  ISIE.  A  glmHsr  lempwKture  rclatlom  tns  been  found  bj 
CSarke  and  Wheeler  In  a  saka  of  aiiid;Ma  of  alDjonBrlBiis  not  fat  publlshHl. 

1  AfBwoUinaaal73esofechiaadarmi,iiamel7,seauicIiliisuid3laTGahe8.anoDT*oi]rd.  8m  L.  Sdunekk, 
NotAt  NDrdttaTvEipmUUon,  No.  XXVm,  p.  U»,  ISOl;  and  O.  BQtuUl,  AbhandL  K.  Qfatll  Wla. 
aeningEn,  new  aa.,yo\.  B,  No.a.pp.  Bl-83,  ISM.  In  a  holoUiurlan,  ^fiekopiw  rviUt,  8^  per  cant  of 
mognealum  eerbaiiBte  waa  taund.  Analher  holoOiurlaii  aaalyied  by  A.  HUgn  (Arob,  Eoammta  Fbfato- 
logle,  vol.  10,  p.  114,  ISTt)  omtained  12.10  par  oant,  oakiulatad  on  tba  calcfuad  axh  of  the  OMtun.  LooU- 
Uea  and  tamperatuns  wen  not  given  with  Uuee  analjnee. 

'Op.eU.,p.Xl. 

'  NeiHB  labrb.,  1H4,  p.  H3. 

'  It  la  well  known  Uutt  BtalaotUia  tram  oavania  In  dolomltJe  UmialaiHa  oonsbt  asiKitUlj  of  oUduin 
carbonate,  with  mUaoi  na  magMla 
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salt  has  djasolved  much  more  freely  than  the  magneeium  compound. 
H^bom  also  studied  the  marine  marls  of  Sweden,  and  found  that 
the  transported  material  contained  progresuTely  larger  proportions 
of  magnesium  carbonate  as  its  distance  from  the  parent  limestone 
increased.  Near  ite  point  of  origin  the  marl  carried  3.7  parts  of 
l^CO,  to  100  of  CaCO,;  and  from  these  figures  the  ratio  was 
gradually  raised  to  36  HgOO,  and  100  CaCO,.  In  these  finely 
divided  sediments  the  leaching  out  of  calcium  carbonate  by  atmos- 
pheric and  glacial  watera  is  naturally  rapid,  and  the  concentration 
of  the  dolomitic  portion  is  effected  with  great  ease.  This  mode  of 
concentration,  then,  must  be  recognized  as  real,  and  as  accounting 
in  part  at  least  for  the  formation  of  dolomite; '  but  it  is  not  the 
whole  story.    It  accounts  for  some  occurrences  but  not  all. 

Coral  rock,  it  will  be  remembered,  consists  chiefly  of  calcium  car- 
bonate, which  in  the  Uving  forms  is  mineralogically  aragonite;  but 
in  1843  J.  D,.  Dana,'  in  a  rock  from  the  coral  island  of  Makatea,  in 
the  Pacific,  reported  magnesium  carbonate  to  the  extent  of  38.07  per 
cent.  This  approached  the  dolomite  ratio,  which  requires  45.7  per 
cent,  and  the  thou^t  was  at  once  suggested  that  the  rock  had  been 
dolomitized  by  the  introduction  of  magnesia  from  sea  water,  the 
latter  having  possibly  been  first  concentrated  by  evaporation  in  a 
shallow  lagoon. 

Since  Dana's  observation  was  made,  many  other  investigators 
have  recorded  similar  enrichments  of  coral  reefs,  and  the  synthetic 
experiments  of  various  chemists,  as  cited  in  the  preceding  pages,  have 
shown  that  the  indicated  reaction  can  actually  take  place,  i^ement's 
experiments,  especially,  have  helped  to  make  this  point  dear.  In  a 
coral  reef  from  Porta  do  Mangue,  Brazil,  J.  C.  Branner'  reports 
6.95  per  cent  of  magnesia,  equivalent  to  14.5  of  carbonate,  while  the 
corals  themselves  contained  only  0.20  to  0.99  per  cent  of  MgO.  In 
the  islands  of  the  Pacific  Ocean  a  large  number  of  similar  cases  have 
been  observed,  the  analyses  by  E.  W.  Skeats  *  rising  to  a  maximum 
of  43.3  per  cent  of  MgCO,.  From  instances  of  this  kind,  and  from 
the  resemblance  of  many  dolomites  to  reef  rocks,  it  has  been  com- 
monly inferred  that  dolomitization  is  generally,  or  at  least  often, 
effected  in  this  way,  lime  being  gradually  removed  and  replaced  by 
magnesia  from  the  sea.* 

<  Torn  abtnntodlioaKlan  of  Ibliiide  at  lbs  dolontltapnUani  ■*•(>.  Blialwr,  Ldnbudi  ilar  ctumiMtuo 
Dili  rtirtft«llf^'^  """^i "  "< ,  pp  I"-"'  ThflotdmUUvamlliiuniaiilud.  S«B  alio  C  W.  H«U 
ud  F.  W.  BardMon,  BnU.  Owl.  Soo.  AoMrte,  nL  S,  IWt,  p.  1». 

■B**I>Ma10i>c>lanilairalliluill,3d*d.,p.laB.    AmOjmi  by  B.  SUUhnii,  ]i.    Th«  bUad  fi  otlM 

'  Boll.  Mtu:  Camp.  ZooL,  toL  m,  im,  p.  H4.    Ajulysla  of  Rnk  b;  R.  B.  Swain,  ol  Um  oorali  bj  L,  R. 

•  Idtm,  nfl.  41, 1MB,  pp.  SB-iat. 

•  So  R.  Tliy^iiftHi  Qnut.  Jour.  Onl.  Boc,  tdI.  U,  U»,  p.  103,  to  dolomlta  dmt  Ccirk,  Inland.  Alio 
CDoslUrud  R.  IIotfiiM,  labrb.  K.-k.  (ML  RilcbamsUlt,  vol.  35,  p.  393.  Tbaaa  autbon  glv*  a  bfbUoi- 
npbj  of  dDlomltUatlco,  down  la  18T5,  tb*  data  of  Ihalr  nuunolr. 
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The  most  strikiug  illustration  of  this  mode  of  transformation  is 
furnished  by  the  borings  on  the  atoll  of  Fmiafuti,  as  discussed  by 
J.  W.  Judd.*  The  principal  boring  was  driven  to  a  depth  of  over 
1,100  feet  through  coral  and  coral  rock  all  tlie  way,  and  samples 
of  the  cores  were  analyzed  for  practically  every  10  feet  of  the  dis- 
tance. From  the  table  of  data  presented  by  Judd,  the  following 
figures  are  selected: 


Uagntiium  carbonaU  in  bonngi  on  atoll 

of  Funafuti. 

Depth,  (>M. 

'!^" 

Dvth,fcrt. 

^S*" 

4 

4.23 

295 

3.0 

13 

7,62 

400 

3.1 

16 

16.4 

500 

2.7 

20 

11.99 

598 

1.06 

26 

16.0 

640 

26.33 

&5 

5.85 

69S 

40.04 

110 

2.11 

795 

38.92 

.79 

300 

2.7 

1,000 

40.56 

250 

4.9 

1,114 

41.05 

These  figures  are  very  remarkable.  They  show,  first,  an  enrich- 
ment in  magnesium  carbonate  near  the  surface,  then  an  irregular 
rising  and  falling  in  much  smaller  amounts,  while  below  700  feet  the 
approach  to  a  dolomite  ratio  is  apparent.  The  surface  enrichment 
Judd  attributes  -to  a  possible  leaching  out  of  lime  salts,  and  the 
irregularities  may  be  due  in  part  to  differences  in  the  proportions  of 
the  various  reef-forming  organisms.  Some  of  these  are  more  soluble 
than  others,  as  we  have  already  seen.  AlgEB,  especially  Li^ioiha'mmnm 
and  Halimeda,  are  abundant  at  Funafuti,  and  Judd  su^ests  that  the 
abnormally  high  magnesia  found  by  H5gbom  in  these  organisms  may 
also  be  due  to  leachii^,  possibly  aided  by  carbon  dioxide  derived 
from  the  decomposition  of  the  plants  after  death.  The  replacement 
of  lime  by  mf^esia  extracted  from  sea  water  probably  takes  place 
at  the  aame  time,  so  that  two  distinct  processes  combine  to  produce 
the  final  result.  It  is  noticeable  that  the  lower  portions  of  the  core, 
which  were  the  earliest  deposited  and  have  therefore  been  acted 
upon  for  the  longest  time,  are  the  most  completely  changed. 

In  this  double  proce^  of  leaching  and  replacement,  we  find  the 
nearest  approach  to  a  satisfactory  theory  of  dolomitization  in  cortd 
reefs.    It  is,  however,  not  general,  as  the  following  analyses  by 

la  Royal  Soolaty,  LoDdiBi,  igoi.    For  Jodd'i  rapot  on  thg  ctKnt- 
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George  Steiger,*  of  borings  from  an  artosiaa  well  at  Key  West, 
Florida,  clearly  show: 

lAmt  and  moffnuia  ui  boringM  at  Keg  Wett. 
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Here  tliere  is  a  progressire  magnesian  emichmeDt  down  to  775 
feet,  and  then  a  falling  off,  but  no  such  thorough  alteration  appears 
as  at  Funafuti.  What  different  conditions  may  have  existed  to 
account  for  these  differences  of  composition  is  not  known. 

It  is  of  course  evident  that  dolomitizatioD  by  replacement  need 
not  be  limited  to  the  action  of  sea  water  upon  coral  re^s.  Magnesian 
spring  waters  may  be  equally  effective,  and  are  so  locally,  as  observed 
by  J.  E.  Spun* '  in  the  rocka  about  Aspen,  Colorado.  In  that  region 
hot  sprii^  containing  magnesium  are  manifestly  operative  in  trans- 
forming limestone  to  dolomite.  But  lai^e  areas  of  dolomite  are  not 
likely  to  originate  in  that  way.  Where,  however,  hmestones  are 
situated  near  magnesian  eruptive  rodiB,  dolomitizatioa  due  to  this 
cause  is  to  be  anticipated. 

The  following  analyses  of  magaeeian  limeetonee  were  made  in  the 
laboratory  of  the  United  States  Geological  Survey.'  Other  aDalysee 
in  abundance  are  scattered  through  the  literature  of  limestones. 

■  AnalTHe  mad*  Id  the  laboratory  ol  tbe  United  States  Oeologlcnl  Survey.  Pnblisbad  In  toll  In  BnlL 
Nt>.nS,  190^  p.  3ttt.    Boring deocTlbed  by  E.  0.  Eovay,  Boll.  Uua.Comp.  Ztxri.,  tdI.  38.  IBM,  p.  03. 

•  ICOD.U.S.  aflOLBiirvey,Ti>LSl,  I8WI,p.aoe.  Spun  (p.  91S}  ilaa  npwts  On  Inttfcatlng  alUcUlcatlan  of 
UnuatoDM,  whicb  Ii  vUble  In  all  Its  sta^a.  The  Baal  pcodnct  Is  made  Dp  o[  qnarli  grains.  Tlie  mag- 
DaalHiealtduiuntotBlaCeaat  tlie  expanse  Ol  sea  water  Ini  bean  dnofbad  by  J.  K.  Pblllips,  Quait.  Jour. 
Oval.  Soe.,  v<d.  31,  uro,  p.  SM.  A  reoant  paper  by  U.  Nalmsui  on  tba  ftinnatlon  of  oolite  and  dolomlle  (a 
InNeneaJabrb.,  Ball.  Band  SB,  1913,  p.  377.  A  stndyofttaamlzadcarbonatesoCllme.niagnaalB,  andiron, 
byE.ar<inaberK,lalaZeltMStir.anorg.Ctiamla,Tid.  90,18I3,p.3a7.  For  an  attempt  to  apply  tbe  pilnclpla 
Of  pbyalcal  chouUtiy  to  dalamltliatton,  sea  R.  C.  Wallace,  Compt.  Fsud.  xn  Cong.  gdoL  Inteniat., 
iaiS,p.87S. 

>  See  BulL  No.  ESI,  19IG,  pp.  31$-MS,  l«  tboe  analysas  and  ottasi. 
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Anali/Mei  of  moffneiian  limeiUma. 

A.  Onea  F«ak  Qiuny,  I>(](wt,  Vvmoat    Analyilt  by  Owkb  BtaLgs-.    Deaerlbad  tqr  T.  S.  Dab  fa 
Bull.  No.  l»,  1903. 

B.  "gpcg  dolomite,"  MiirhTni*,  .A1»1jmii».    Auljili  byW.  F.  HDlalxwd.    DMalbsd  by  L  C. Ba>- 
Nll  In  Bull  No.  fil,  18M. 

C.  Pcmokee  dMilct,  WbooDiln.    Aoatrih  by  HfUabmid.    8m  R.  D.  Irvtns  uiil  C.  R.  Vu  Hbe,  In 
Hon.,  vol.  19,  isei. 

D.  "NkibrandoiomIla,"I>mTcrBulD,Colondo.    An^yila  by  L.  a.  Eakbis.    Deaalbsd  by  EmnidDx 
Id  Utm.,  vol.  IT,  IMS. 

B.  Nov  Red  yountalii,BI1vtr  Peak  district,  NayKla.   ADtlysb  by  BWkr. 
F.  Tha  thmvetlCBl  composlllon  ol  Ideally  para  dolomlts. 


A 

B 

c 

D 

B 

F 

12.01 

0.31 

SiO,  . 

e.3s 

1.77 
.22 
1.08 

3.24 
.17 
.17 
.06 

0.63 

"".m 

.75 

.08 

20.68 

30.94 

.64 
.U 

18.03 
27.49 

¥^^::::::\::::::::::::::: 

vtb 

1.89 

16.68 
29.03 
.06 
1.08 
.03 
.42 
41.66 

20.84 
29.68 

20.19 
30.36 

o£i 

30.4 

}      .30 
45.M 

46.27 

1   ■" 

41.40 
.03 

47.21 

Trklje. 

100,39 

99.90 

99.65 

100.42 

99.96 

100. 0 

Under  ordinary  atmospheric  and  aqueous  conditions  dolomite 
alters  like  limestone,  but  lees  readily.  By  voloanio  agencies,  that  is, 
the  combined  aotion  of  heated  or  fused  rooks  and  steam,  dolomite  is 
sometimes  transfonned  into  a  substKace  which  was  onoe  thought  to 
be  a  distinct  mineral  species,  and  was  named  predazzite  and  penca- 
tite  by  different  investigators.  This  substance  has  been  interpreted 
by  Damour,*  Q.  Hauensohild,*  J.  Both,*  and  J.  Lemberg  *  as  a  mix- 
ture of  oalcite  and  bnuute,  Ii^O,H,.  O.  Lene£ek,'  however,  r^ards 
it  as  a  mixture  of  oaloite  and  hydromagnesite,  the  latter  being  partly 
pseudomorphous  after  periolase  and  partly  an  infiltration.  In  either 
case  the  dolomite  has  been  alta%d  by  the  transformation  of  its  mag- 
nesium carbonate  into  a  basio  salt  or  into  hydroxide.  The  latter 
compound,  under  some  conditions,  oan  be  leached  away,  leaving 
nearly  pure  oaloite;  or  it  may  be  dehydrated,  forming  periclaae, 
MgO.     Predazzite  was  first  observed  at  Predazzo,  in  the  Tyrol;  and 

I  Boll.  Boc  tM-  Pnnoe,  3d  ur.,  vol.  4, 1847,  p.  lOtO. 
I  Sltiunggb.  K.  KitA.  Win.  Wlen,  vol.  60, 1B70,  p.  TW. 

■  See  Allgemeliie  and  DhemlKlie  Oeologie,  vol.  1,  pp.  431-43S.    Rotb  dtM  many  analyses  or  altered 
dolom!t«g  and  givn  the  data  concerning  predaulte  with  comlderabte  foltaiesa. 
<  ZelUchr.  Deotacb.  geoL  Oeaell.,  vol.  34, 1871,  p.  187. 
•  Ulo.  pet.  lf[tt.,vDL  11,1803,  pp.  iSe,  447.  LensCek  gives  aKDodaunuiuuyotthelltcraturaofpradafitte. 
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Lembei^,  by  acting  oq  normal  dolomite  from  that  looality  with 
steam,  obtained  a  eimilar  product.  A  like  alteration  of  dolomite 
from  a  Ruaeian  looality  was  also  reported  bj  F.  Bosen.* 

IRON  CARBONATE. 

Another  important  rock-building  carbonate  is  sidorite,  the  ferrous 
carbonate  FeCO,.  Its  formation  as  bog  ore  has  already  been  con- 
sidered,* together  with  its  transformation  into  Umonite,  but  its  rela- 
tions to  limestone  and  dolomite  remain  to  be  noticed.  Between  these 
roote  there  are  many  transitional  mixtures,  and  ankerite,  the  ferrif- 
erous dolomite,  is  one  of  them.  This  ntiaeral  contains  iron  replacing 
magnesium,  to  use  the  ordinary  phraseology,  but  this  implies  tiiat  the 
double  salt  GaFeC,0,  exists  isomorphous  with  and  equivalent  to 
the  magnesian  compound,  dolomite.  The  two  salts,  CaFeC,0,  and 
CaMgC,0„  may  commingle  in  any  proportion,  and  varieties  oontun- 
ing  manganese  carbonate  are  also  known.  So,  too,  there  are  mixtiu'ee 
of  magneeite  and  siderite,  known  as  breunnerite,  meeiUte,  and  pis- 
tomeeite,  but  they  are  oomparatively  unimportant  except  in  the 
study  of  isomorphism.  The  manganese  carbonate,  rhodochrosite, 
UnCO,,  is  usu^y  a  mineral  of  metalliferous  veins. 

As  bog  ore,  siderite  is  deposited  from  a  bioarbonate  solution  in 
presence  of  organio  matter  and  out  of  contact  with  air.  But  siderite, 
Kke  dolomite,  may  also  be  formed  by  replaoement  when  iron  solu- 
tions aot  upon  limestones.  H.  C.  Sorby '  found  that  Iceland  spar 
inmiersed  in  a  solution  of  ferrous  chloride  was  slowly  transformed 
into  cnrystalline  siderite;  in  ferrio  chloride,  on  the  other  hand,  ferric 
hydroxide  was  formed.  A  similar  precipitation  of  Umonite  was 
observed  by  G.  Keller  *  when  oalcite  was  treated  with  ferrio  sulphate. 
Reactions  of  this  kind  have  often  been  invoked  in  the  iuterpretation 
of  Bedimentary  iron  ores.  J.  P.  Kimball,'  for  example,  r^ards  the 
reaction  of  ferrous  solutions  upon  limestones  as  of  the  highest  impor- 
tance, and  refers  to  isolated  masses  of  coral  reef  in  Cuba  which  have 
been  so  replaced  by  iron  compounds.  Fossils,  originally  calcareous, 
but  now  composed  of  limonite,  are  not  rare.  In  the  Juraasio  lime- 
stonee  of  central  Franoe  ores  of  iron,  manganese,  and  zino  are 
widely  disseminated.  According  to  L.  Dieulafait,*  these  ores  were 
precipitated  from  solution  by  calcium  carbonate,  the  iron  first,  zinc 
and  manganese  later.  The  iron  ores  are  always  at  the  bottom  of 
tiie  series,  and  the  other  metala  are  found  in  the  overiying  limestones. 

1  Aich.  NatuikDndc  Dr.,  EstlL  n.  Kmludi,  lat  itr.,  vol.  3,  UM,  p.  113. 

■8«»uil«,p.lB0. 

■  Qmrt.  Jour.  0«iil.  Soe.,  mL  39,  Proc,  1B7>,  p.  IS. 

•N«MS  Jahib..  1SS3,  Bud  1,  rat.,  p.  M3. 

•  Am.  Jour.  Sd.,3d  Mr.,  vol.  42,  IB9I,  p.  331. 

•  Cgmpt  R«nd.,  toL  100,  IM,  p.  083. 
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Like  CBrbonate  of  lime,  iron  carbonate  may  be  removed  from  sohi- 
tion  by  aquatic  vegetation.  The  process,  however,  is  different  in 
one  particular.  Ferrous  carbonate  is  easily  oxidized  to  limonite,  and 
that  change,  which  takes  place  in  air  alone,  is  doubtlees  accelerated 
by  the  oxy^n  which  the  plants  exhale.  The  deposit  formed  is  not 
mderite  then,  but  hydroxide,  ^milar  precipitation  of  Hmonite  may 
also  occur  from  sulphate  solutdons,  as  in  or  near  a  chalybeate  spring 
in  Death  Qulch,  YeQowstone  National  Park.  Here,  according  to 
W.  H.  Weed,*  the  mosses  form,  from  the  water  of  the  spring,  an  ii>on 
unter,  whichwas  analysed  by  J.  E.  Whitfield  in  the  laboratory  of  the 
United  States  Geolo^cal  Survey  with  the  following  results: 

Analytit  o/  iron  tirUer. 

SiO, 1.37 

F«sO, 63.08 

AljO, 08 

SO, 8.3S 

E^  and  organic  matter 26.94 

W.77 

The  iiutability  of  ferrous  carbonate  ia  also  shown  by  the  deposits 
of  iron  rust  aroimd  iron-bearing  springs  in  general,  and  by  the  forma- 
tion of  stalactites  of  limonite.  Such  stalactates  were  formed  exactly 
like  calcite  stalactites,  by  carbonate  solutions,  only  the  iron  salt  has 
decomposed  and  left  residues  of  hydroxide.  According  to  T.  Sterry 
Hunt  *  the  alteration  of  siderite  to  limonito  is  att«ided  by  a  contrac- 
tion of  27.5  per  cent,  whence  limonite  ore  bodies  are  often  porous  or 
spongy. 

The  vast  deposits  of  iron  ores  in  the  Lake  Superior  region,  limo- 
mt«e,  hematites,  magnetites,  etc.,  are  now  regarded  as  in  great 
measure  secondary  bodies  derived  from  iron  carbonates  of  aedlmrai- 
tary  origin.  The  process  by  which  their  concentration  was  probably 
effected  has  been  summed  up  by  C.  B.  Van  Hise*  as  follows:  Fiist, 
meteoric  waters  attacked  the  upper  portions  of  the  original  carbon- 
ate, oxidizing  the  latter  to  limonite.  In  so  doing  the  waters  lost 
their  dissolved  oxygen  and  became  carbonated.  In  this  condition 
the  waters  dissolve  ferrous  carbonate,  with  some  silicate,  and  transfer 
it  to  lower  levels.  Later,  the  siurface  oxidation  having  been  com- 
pleted, waters  charged  with  atmospheric  ox^en  percolate  downward, 
mingle  with  the  iron  solutions  previously  formed,  and  precipitate 

■  Am.  Ostidgbt,  va.  7, 1801,  p.  4S. 

'Cwukdlao  NatoralU,  vol.  9, 1B81,  p.  431. 

•  TwtntT^lrat  Ann.  B«pt.  O.  8.  Oeol.  8iirv«r,  pt  8, 1900,  p.  B3S.  HoiegnphB  IS,  X,  88,  41,  4E,  and 
«  cf  the  Surrey,  by  Irving,  Van  Hiss,  aenunti,  Smyth,  Bsylej,  ud  LaKh,  deal  extLaDsttraly  with  tbat 
"Ltka  Baperkx"  BTtB.  Sea  also  J.  E.  Spnrr,  Bull  No.  10,  Geol.  Nat  Hbt  Burvay  Utniumbt,  18B4,  en 
th«  Ufeabl  oca;  and  S.  Waidnun,  Bull.  Ha.  13,  Wlaooialu  Qaol.  Nat.  Hint.  Bnrvay,  ISM,  CD  tb«  Buatxn 
district.  Bull.  No.  B  of  the  Hlnonou  BuiTey,  18B1,  by  N.  H.  and  H.  V.  Wfaidull,  b  darotad  bi  a  dl*- 
ataloa  o[  the  HlHnnoU  deposits. 
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limonite.  1^  latter,  hj  heat  aod  pressure,  may  be  transformed  to 
hematite.  A  eunihir  mterpretation  is  given  by  A.  Bnmlecbner '  to 
the  aaeooiated  siderite  and  limonite  at  HQttenbei^  in  Carinthia.  In 
this  case,  howeTer,  the  waters  charged  with  ferrous  carbonate  re- 
deposit  it  upon  contact  with  limestones.  Here  also  the  original  for- 
mation, the  maiu  ore  body,  is  sedimentary. 

The    following    analyses    represent    mixed    carbonates,    munly 
ferriferous: 

Anafyiet  of  miaed  rarhonate*. 

A.  Irm  carbcnata,  Bmldsy  Laks,  VlcUgan.   AnaJjab  by  W.  F.  BDlBbnnil. 

B.  Iron  oarbcnaM,  FmokM  dlatrbt,  HfcihfgBn.    Analyita  bf  R.  B.  RIgga. 

C.  Inaiarboii>ta,OunlUnt  I«kB,Ca]udB.   Analjsta  b?  T.  U.  CbatanL 

D.  F«n«dcd«mll«,  HtniiictU  dUrlot,  Mkihigiin.    Analyib  b;  O.  atalgtr.    roc  uulyiiM  A,  B,  C,  D, 
and  oUun,  aee  BuH.  tT.  B.  Oeid.  Sniray  No.  33S,  1904,  pp.  318-3». 

E.  CobalUtarauialilartlVifrainaminButaiNciuikfrnbm,  Oamun;.    AubItbIs  by  O.  Bddlaiidw,  Naua 

;*iiTb.,  van.  Band  a,  p.  au. 

Y.  ICaniuid<doinlta,  Onlnv,  Tyrol.    Aiulyili  by  K.  Ebanhuth,  ZdHcbr.  Kiyit.  Via.,  ToL  3t,  1*03, 
p.  ssa.    Otbtr  aiulyBaa  at  dolomlt*,  ate,  are  glvan  In  ttilg  paptr. 


A 

B 

C 

D 

K 

F 

28.86 
.20 
1.29 
1.01 
37.37 
.97 

16.62 

"■4.'27" 
8.14 
32.86 
6.06 

23.90 

None. 

.07 

.44 

10.72 

.28 

28.97 

1.30 

2.31 

39.77 

.29 

P^ 

45.34 

L21 
8.80 

CoO 

CaO 

.74 
3.M 

.81 
2.66 

22.25 
8.52 

.66 
1.94 
.09 
.10 

.51 

.03 

26.20 

*ff;i^ 

}  ■» 

}  .« 

None. 

.99 
Trace. 
32.42 

.17 

K6.T. 

Sol* 

26.21 

30.32 

41.56 

80^;." 

99.87 

100.41 

99.76 

100.17 

100.75 

100.81 

SIUCATBD  IRON  ORES. 

In  addition  to  siderite,  certtun  sedimentary  silicates  serve  as  sources 
for  limonite  and  hematite  ores.  Glauconite,  for  example,  was  sug- 
gested by  R.  A.  F.  Penrose '  as  a  possible  parent  of  iron  ore,  and  a 
green  silicate  from  which  the  Mesabi  ores  are  derived  was  placed 
under  glauconite  by  J.  E.  Spurr.'  C.  K.  Leitii,*  however,  in  his 
report  on  the  Mesabi  district,  has  shown  that  the  green  mineral  of  the 
femi^ous  cherts  is  not  glauconite,  but  a  hydrated  ferrous  or  ferroso- 

>  ZaitKhi.  pnkt.  Owdogte,  ISBS,  p.  Ml. 

■  Ann.  B«pt  Oeol,  Burvay  Arkansai,  vol.  1, 1S83.    Tbb  Is  a  moDagniFh  onthslron  craa  ot  Arkanaaa. 

>  BnU.  No.  10,  Oeol.  Nat.  Hist.  Suitb;  If  Innttota,  1804. 

•  Moo.  V.  a.  OkiI.  Sumiy,  toI.  <3,  IW,  pp.  337-278.  On  the  orlgtn  of  tbese  ores  sea  also  N.  E.  WlnchaU, 
Bull.  Oeol.  Boc.  America,  vol.  33,  UI13,  p.  317.  WInchall  regards  the  greensllto  sraonla  m  dntvad 
Irom  volramlo  nnd. 
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feiric  mlicate,  containing  no  potassium.  To  this  silicate  he  ^ree  Uie 
name  greenalite.  Its  composition,  as  shown  hy  the  analyaes  made  by 
G.  Steiger  *  in  the  laboratory  of  the  United  States  Geol(^cal  Survny, 
is  not  accurately  determinable,  for  1;he  green  granulee  can  not  be 
mechanically  sepaf ated  from  the  enveloping  chert.  Three  analysea 
of  the  portion  of  the  rock  soluble  in  hydrochloric  acid  gave  the  fol- 
lowing results,  after  union  of  like  bases  and  recalculation  to  100  per 
cent.  For  compariaon  with  them,  in  a  fourth  column,  I  give  an  &naly- 
flis  by  F.  Field '  of  a  green,  massive,  diloritic  mineral  assocdated  vitii 
the  ctonstedtite  of  Cornwall: 


Awdyta  of  grtetuaHe,  etc. 

OrMMlBe,  Steele 

. 

» 

» 

°KSi^ 

30.08 
34.  dS 
2S.72 
9.36 

30.49 
23.52 
36.92 
9.07 

38.00 
8.40 

«.68 
7.04 

p^ i:::::::::::::;::  ;■■ :: 

loaoo 

100.00 

100.00 

loaTi 

Field's  mineral  and  the  greenahte  No.  2  are  very  similar,  and 
approadi  in  composition  a  hydrated  compound  of  ih»  garnet  type, 
Fe"',Fe",(Si04),.3H,0.  The  third  greenalite  analyos,  however,  is 
of  an  almost  entirely  ferrous  compomid,  a  hydrous  metamlic&te 
approadiing  the  formula  FeSiO,.aq.  It  is  evident  that  Uie  abso- 
lutely definite  silicate  is  yet  to  be  identified. 

In  the  analyses  died  t^e  soluble  green  granules  formed  from  48  to 
82.5  per  cent  of  the  entire  greenalite  rock,  which,  according  to  Leith, 
represents  a  marine  sediment  analogous  to  glauconite.  From  this  sil- 
icate, by  leaching,  the  hydrous  hematites  of  the  Mesabi  district  were 
concentrated;  but  the  reactions  proposed  by  I^eith  to  account,  first, 
for  the  greenalite  uid,  later,  for  its  decomposition  are  lai;gely  hypo- 
thetical. Iron,  in  solution  as  carbonate,  was  probably  brought  into 
the  ocean  by  waters  from  the  land  and  precipitated  as  ferric  hydrox- 
ide. The  latter  compound,  partly  or  wholly  reduced  to  the  ferrous 
state  by  organic  matter  derived  from  marine  vegetation,  then  com- 
bined with  siUca,  of  which  an  excess,  now  represented  by  chert,  was 
also  present.  These  processes  are  possible,  and  ihe  explanation  thus 
offered  to  account  for  the  iron-beariiig  rocks  is  probable  enough  to  be 
proviEdonaUy  held,  at  least  until  something  better  is  offered.  We 
know  that  ferruginous  sediments  are  now  forming  in  the  ocean;  we 
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Imow  that  chert,  in  many  casee,  is  of  organic  origin;  and  these  facta 
are  consistent  wiUi  the  suppositions  summarized  above. 

At  a  number  of  European  locahties  iron  ores  are  found  which  con- 
sist partly  of  silicates.  One  of  these,  thuringite,  is  a  member  of  the 
chlorite  group ;  but  another  diloritic  mineral,  chamosite,  which  occuis 
associated  with  magnetite,  limonite,  or  hematite  in  oolilic  ^grega- 
tions,  is  more  definitely  an  ore  of  iron.  Its  composition,  as  deter- 
mined by  C.  Schmidt '  on  Swiss  material,  and  by  E.  R.  Zalinski '  on 
ThuriDgian  specimens,  is  represented  by  the  empirical  formula 
3FeO.AljO,.2SiOj.3H,0.  The  much  rarer  mineral  cronstedtite  has 
probably  the  same  formula,  with  ferric  oxide  in  place  of  alumina;  and 
it  differs  from  greenalite,  as  represented  by  the  second  analysis  of  the 
latter,  in  containing  one  less  molecule  of  silica.  Berthierine,  from 
Hayanges,  near  Metz,  is  essentially  a  mixture  of  chamosite  and  mag- 
netite,* and  forms  a  valuable  ore. 

These  silicates  all  undei^o  alteration  with  great  ease,  yielding 
oxides  or  hydroxides  of  iron.  In  most  cases  the  ores  containing  them 
are  oolitic,  and  form  beds  of  sedimentary  origin.*  In  this  respect 
they  resemble  glauconite  and  greenahte,  with  which,  chemically,  they 
are  so  closely  allied.  How  they  were  formed  is  uncertun  and  differ- 
ent authorities  interpret  the  evidence  differently.  The  latest  writer, 
E.  B.  Zalinski,*  regards  thuringite  and  chamosite  as  secondary  prod- 
ucts, derived  by  alteration  from  earlier  sediments  at  the  bottom  of  the 
Lower  Silurian  sea.  Whatever  the  final  conclusion  may  be,  it  seems 
clear  that  glauconite,  chamosite,  and  greenahte,  and  possibly  other 
alhed  silicates,  were  all  formed  by  similar  reactions,  different  local 
conditions  having  determined  which  product  should  appear.* 

iZatbdir.  Eirit.  1I1il,toL11,  imS.p.OOl. 

•  NeoM  Tilirb.,  Bd.  Band  IB,  igM,  p.  tO. 

*  But  A.  Lamli,  ICnirttlogls  d«  1*  VivtBt,  ToL  I,  p.  401,  Kk  tbla  god  oth«r  Tnneh  OMnumiMa, 
tOnOiaorw,  locally kDDwnu  "mtiwtU,''o(LiiitmIni^aiid  LmaliM,  sn  Bldoher,  Bull.  Boc  iBdnat 

dal'Ert,  13H;  L.  Hoffman,  VnHandl.  NaWAM.  Var.  pnm.  RhalalaDde  u.  WeatbleDi,  vol.  6S,  1S§, 
p.lO^H.  Aiml,  Zattschr.  prakt.  Otologic,  1001,  p.  81;  and  L.  van  Warvake,  Idem,  p.  3M.  On  theThor- 
nftaoneMeH.LofBti,  Jahrb.  X.  pniaa.  g»t.Laiidaaaii«t(dt,  1884,  p.  UO.  Uudi  othar  Utantora  li 
eltad  Id  tha  memolia  mamUonad  Ikara. 

*N«|JM  Jalirli.,B«lLBandl0,  IMH,p.n.  ZaUnaUgtvtaBKDodniiiuDarjrotQievBriQQBtbaoileaiAioh 
barebwo  ta«nad  ta  ordar  to  acootmt  Kit  thaia  iHM. 

*In  addiUon  to  Uia  lllaratnca  aliaady  dtad,  tha  follDW&ig  *>"■■<—"  npDrta  on  fron  ores  an  worUi 
DotMng:  W.  B.  Fhlll^,  bon  maUng  ta  Alabama,  a  buUetin  Isaued  by  the  Alabama  Oaol.  Bnrvay  lo 
IBOe.  B.  W.  lloCidlle,  Boll.  No.  lO-A,  Gaorgla  Oeol.  SinvBy,  IWO,  on  the  blown  lion  one  of  that  Slata; 
H.'B.  C.  Nhia,  BulL  Ko.  1,  North  CaioUna  OeoL  Burvay,  18S3;  F.  L.  Nasoii,  Raport  on  Iron  ora,  Ub- 
ainirt  Oaol.  Burvajr,  ISCZ;  Bapt.  of  Progtaai  f ,  Baoand  Gaol.  Bnivay  Pcnnaylvanla,  ISTg,  on  (he  oraa  of 
tha  Juniata  Valley;  E.  T.  Dnmbla,  Beporta  on  (he  Ironore  district  ot  East  Teiai:  Baoand  Arm.  Kept 
Tentf  QeoL  Burrej,  1891.  Tha  moat  eihamtlve  gimenl  treatise  ia  R,  Beck's  great  monograph,  Die  Oa- 
B±kan»  daa  Eiaam.  Lea  mlnarals  da  ler  ooUtlqne  de  Pranoa,  by  L.  Cayanz  (lUnistte  trsr.  puU., 
Fada,  IWS}  It  an  In^artaot  recant  Qwaograitb. 
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The  occurrence  of  gypsum  as  a  Bedimentary  rock  has  ah^adj  been 
partially  considered.'  It  may  form  on  a  large  scale  duiing  the  con- 
centration of  oceanic  and  other  natural  hrines,  and  it  is  sometimes 
deposited  from  solution  in  freeh  watera.  Acid  waters  of  Tolcanic 
origin,*  or  derived  from  the  oxidation  of  pyrite,  hy  acting  upon 
limestones,  also  produce  gypsum.  Its  appearance  as  an  accessory 
mineral  in  dolomitization  is  due  to  double  decomposition  between 
limestone -and  solutions  containing  magnesium  sulphate;  and  other 
sulphates  may  act  in  a  similar  way.  L.  Jowa,*  for  example,  prepared 
crystals  of  aelenite  hy  acting  upon  chalk  with  a  solution  of  ferrous 
sulphate.  Gjpsiun  formed  by  reactions  of  this  order,  howeTer,  is 
commonly  dissolved  by  the  waters  which  assist  in  the  process,  and  is 
carried  away,  to  be  diffused  or  deposited  elsewhere.  As  an  important 
rock  gypsum  is  generally  a  saline  residue,  and  its  formation  in  the  &st 
instance  is  probably  oftener  due  to  the  action  of  oxidizing  pyrite 
upon  lime-bearing  rocks  than  to  any  other  cause.* 

NATIVE  SUIiPHUB. 

Kative  sulphur  is  a  frequent  companion  of  gypsum,  and  this,  too, 
may  be  produced  in  several  ways.  It  is  known  as  a  volcanic  subli- 
mate and  is  a  product  of  reactions  between  sulphur  dioxide  and 
hydrogen  sulphide.  It  is  also  formed  by  the  incomplete  combustion 
of  hydrogen  sulphide,  probably  in  accordance  with  the  equation* 
2H^  +  0,  =  2HjO  +  2S.  According  to  Becker,  who  studied  the  phe- 
nomena at  Sulphur  Bank,  California,  the  oxidation  of  H^S  to  HjSO, 
develops  201,600  calories.  The  oxidation  to  I^O+S  develops  only 
69,100  calories.  Hence,  where  oxygen  is  in  excess,  as  at  the  surface, 
hydrogen  sulphide  is  completely  oxidized,  and  sulphuric  acid  is 
formed.  A  short  distance  below  the  surface  oxygen  is  deficient,  and 
then  sulphur  is  liberated.  Probably,  however,  the  actual  conditions 
are  more  complex.  Sulphur  dioxide  must  be  produced  to.  some  ex- 
tent, and  that  reacts  with  tiie  hydrogen  sulphide  to  form  sulphur 
also.  At  all  events,  sulphuric  acid  and  free  sulphur  both  occur  at 
Sulphur  Bank,  and  in  accordance  with  the  conditions  imposed  by 

I  Bm  ante,  pp.  311-Sa. 

■  J.  W.  Dkwbco  (Aindlaii  gMdOg)',  1891,  p.  Zft)}  ittribulea  tha  tDnnatiam  ot  gypaim  In  Nora  BosUb  to 
0ie  ■oUm  of  Eulpliiiria  Bold,  derived  tram  voloanlo  aaaioa,  on  Ifmestonss. 

■  Amiaks  Boo.  gtel.  BslglqiM,  voL  33, 18B8,  p.  tmvU. 

<  For  dataopoD  Ameikui  Kn>s°>B  ■»  Q- 1*- OFlmaliy,  lUdilgui  0e>>L  Borny,  tdL  S,  pt  3, 1<KM;  attBdiV 
•Dd  E.  H.  B.  BoOey,  Kansas  Dnlr.  OeoL  Surrey,  vol.  fi,  18Wi  C.  R,  Keyv,  lorn  OaO.  Sumy,  voL  3, 
pp.  Ser-aiM;  F.  I.  H.  Iferrill,  Bull.  N«w  YoA  SUnU  Ifui.,  vd.  S,  No.  II,  1899.  Bon.  V.  B.  OeoL  Sumy 
tli>.3S,l«M,by  O.  L  Adams  aDd.othna,  duoilbcs  tha  gypsom  dcpoatts  or  the  tJnlted  Statn.  On  tba 
genetic  TdatloMor  gypsum  and  anhydrite  see  B.C.  Wallio,  Oeol.  H^.,  IBU,  p.  371. 

>  S«  a.  F.  Becker,  ICon.  V.  8.  fleol,  Snrvay,  toI.  13, 1888,  p.  164;  ai ■ 

Otemle,  vol.  38,  IMH,  p.  101. 
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theory.  The  deposition  of  sulphur  at  the  Rabhit  Hole  mines,  Ne- 
vada, is  also  ascribed  bj  G.  I.  -Adams '  to  solfataric  activity. 

Sulphur  deposits  are  conunon  around  mineral  springs,  being  due 
to  the  imperfect  oxidation  of  hydrogen  sulphide;  and  the  latter  com- 
pound may  be  generated  either  by  the  action  of  acid  vaters  upon 
sulphides  or  through  the  reduction  of  sulphates,  such  as  gypsum, 
by  micro-oi^anisms.'  The  interpretation  of  any  given  locality  for 
sulphur  is  not  easy,  for  different  conditions  reign  in  different  places. 
In  one  deposit  the  evidence  of  thermal  reduction  may  be  clear,  while 
elsewhere  some  other  process  is  seen  to  have  been  operative.  The 
most  famous  of  all  sulphur  deposits  ia  that  near  Git^enti,  in  Sicily, 
and  this  has  been  variously  interpreted.  Gypsum,  sulphur,  celestite, 
and  Kragonite  are  here  intimately  associated,  in  what  is  evidently  a 
sedimentary  formation  not  far  removed  from  a  center  of  great  vol- 
canic activity.  The  sulphur,  therefore,  has  been  r^arded  by  some 
writers  as  volcanic,  by  others  as  a  product  of  noQvolcanic  agencies, 
and  the  conditions  are  such  that  either  supposition  can  be  strongly 
supported.  Sicily  abounds  in  solfataras,  and  in  springs  charged  with 
hydrogen  sulphide;  and  these  may  well  have  brought  the  sulphur 
from  volcanic  sources  far  below  the  surface.  Ita  deposition,  in  that 
case,  is  due  to  the  decomposition  of  hydrogen  sulphide,  which  has 
taken  place  under  aqueous  rather  than  igneous  conditions;  and  this 
view,  with  differences  in  detail,  has  been  adopted  by  various  author- 
ities.* A.  von  Lasaulx,'  for  example,  has  argued  that  the  sulphur 
was  deposited  from  waters  containing  hydrogen  sulphide  and  cal- 
cium carbonate  during  concentration  in  fresh-water  basins;  and  G. 
Spezia '  has  developed  a  similar  argument  more  fully.  In  order  to 
account  for  the  association  of  sulphur  and  gypsum  without  assuming 
the  derivation  of  one  from  the  other,  Spezia  cites  an  observation  of 
A.  B^champ,*  who  found  that  when  hydrogen  sulphide  was  passed 
into  water  containing  suspended  calcium  carbonate  the  latter  was 
partly  decomposed  and  calcium  hydrosulphide  was  formed.  This 
experiment  was  repeated  by  Spezia,^  but  with  fragments  of  marble 
and  under  a  pressure  of  six  atmospheres.  The  solution  thus  obtained 
was  found  to  contain  a  sulphide,  and  upon  evaporation  to  small 

<  BnU.  U.  B.  OcoL  Barr«r  No.  325,  IMM,  p.  W7.  Bae  itoo  D.  F.  Htw«tt  an  Sulphur  deposlta  In  Wyomhic, 
Bull.  U.  S.  QboL  Survey  No.  HO-R,  Uia. 

■  SMsqwcUlrE.  Fluubod,  CompC.  Rend.,  roLM,  1S7T,  p.  23E;vol.  as,  ISffi,  p.  ISO.  Atao  A.  ECvd 
and  L.  OUvlK,  id«m,  vol.  H,  IMQ,  p.  S*6. 

•  R.TrsTaglik  (Bol.  Com.K«ol.,lg8(),  p.  110),tiawever,reKUd9theSlcaiaii9ulphnrsa)uTiiigbe«irixiiud 
throu^  the  reduction  ot  gypsoin  b;  organk  matler,  the  reouhia  ol  mulue  Milmitbi. 

«  Nous  Jahrb.,  1S!9,  p.  4M. 

•  Bull' orlgfaie  del  solCoulglactaiinitliolBlerldellaSIcUlA,  Torino,  ISK.  The  tbeorlM  relative  to  the 
origin  ol  Sicilian  lUlphur  ire  eitiBllstivtJy  sumraiicl  up  and  discussed  in  this  memoir.  Several  Italian 
works  cited  by  Spate  1  have  not  been  able  to  coDBult.  Fm  a  general  papci  on  Iba  orlghi  ol  sulphur,  see 
O.  StutiCT,  Boon.  Geology,  vol.  7, 1912,  p.  712. 

•  AnnalcB  chba.  pbya,,  4th  ser.,  Tol.  IB,  1)11)8,  p.  334. 
'Op.cit.  JI.I18. 

S7270°— Bull,  616—16 37 


.y  Google 


578  THE  DATA  OF   GE0CHBMI8TEY. 

bulk  at  ordinary  temperatures  it  deposited  microscopic  crystals  of 
calcite,  sulphur,  and  gypsum.  By  a  reaction  of  this  kind,  between 
the  sedimentary  limestones  and  the  ascending  sulphureted  wateis, 
tiie  observed  association  of  minerals  may  have  been  produced. 
Wherever  such  waters  act  slowly  upon  limestones  free  sulphur  with 
gypsum  is  likely  to  be  formed.'  It  must  be  observed,  however,  that 
the  partial  oxidation  of  hydrogen  sulphide  in  presence  of  limestone 
would  also  produce  the  same  association  of  substances.  It  is  inters 
esting  to  note  that  in  a  lai^e  crystal  of  gypsum  from  Ciandana,  H. 
Sjdgren'  found  a  fluid  inclusion  which  yielded  liquid  enou^  for 
ana]y«s.  Its  composition  resembled  that  of  sea  water,  and  the  cavity 
also  contained  hydrogen  sulphide. 

The  considerable  deposits  of  sulphur  foimd  in  weabem  Texas  are 
also  associated  with  gypsum,  and  with  waters  which  contain  hydro- 
gen sulphide.  Some  waters  from  the  sulphur  beds  are  strongly  acid, 
and  E.  M.  Skeats  ■  reports  one  water  which  carried  1,360  parts  per 
miUion,  or  79.08  grains  per  gallon,  of  free  HgSO,.  The  deposits  are 
associated  with  limestones,  which  are  sometimes  bitiuninous,  and  at 
some  points,  as  described  by  Richardson,  gypsum  has  evidently  been 
formed  by  alteration  of  the  carbonate.  At  Cove  Creek,  in  Utah, 
sulphur  occurs  in  great  quantities  as  an  impregnation  in  rhyolitic 
tuff.*  It  is  derived  from  hydrogen  sulphide  of  volcanic  origin,  and 
is  also  accompanied  by  strongly  a6id  water.  So  far  as  the  sedi- 
mentary rocks  are  concerned,  the  association  of  limestone,  gypsum, 
sulphur,  and  hydrogen  sulphide  seems  to  be  quite  general,  althou^ 
□ot  absolutely  invariable.  The  association  of  sulphur  with  petjtdeum 
or  bituminous  matter  is  also  common. 

CBIiESTITB. 

Celestite,  the  sulphate  of  strontium,  SrSO|,  is  another  mineral  of 
the  sedimentary  rocks,  which  also  occurs  in  Sicily  with  the  gypsum 
and  sulphur.  It  is  one  of  the  meet  characteristic  minerals  of  the 
Sicilian  deposits.  In  Monroe  County,  Michigan,  according  to 
E.  H.  Kraus  and  W.  F.  Hunt,'  the  celestite  is  found  disseminated 
through  dolomite,  and  the  upper  layer  of  the  rock  at  the  point 
especially  studied  contained  over  14  per  cent  of  the  strontium  com- 

1  Otlur  BumplcB  an  ifvm  by  R.  Bnumi,  Cbemliclia  Hlneratogle,  p.  3W.  L.  DfeoUUt  (Compt. 
Send.,  vol.  V7. 1SS3,  p.  51),  haiaiia»t*d  that  pulymlpbldn  of  oilclum  and  itrcatliun  Pit7  usltt  tn  tbe 
iDrnutko  ot  nlphur  depalta. 

•  Boll.  atdl.  Imt.  DpaUi,  vol.  1,  No.  3,  ISU.  A  ibiLaar  iDcliako  wu  eaitier  dewribed  bj  O.  SStvM, 
Oui.  oMm.  itsi.,  vm.  ia,  i»ia,  p.  i. 

>  Bull.  UnlT.  Tcxu  UhtfiBl  Surve;  No.  3,  ima.  Bm  i1*o  O.  B.  Rlohordaao,  SOaa,  No.  0,  llllM,-p.  M. 
Tbe  nilphur  depodU  of  Loukiuii  tie  deaerfbed  by  L.  BaldMCl,  n  ebcimenlo  anl&ten  dalla  Loi^fm, 
Roma,  IMS. 

•  Baa  W.  T.  Lae,  Bull.  U.  B.  Oeol.  Barmj  No.  SIS,  1907,  p.  tsi.  For  an  aaitlar  daacriptloo,  aaa  Q.  Tom 
Rath,  Nauea  Jahrb.,  18H,  Band  l,  p.  IH. 

•  Am.Jour.Soi.,1thMr.,rDl.ll,ig(»,p.e7.  SaSBlaa W.H.8b«ner,tdem,MMC., V0l.«>,UW,p.3ie, 
•Dd  Michigan  OvA.  Bazwy,  v<fl.  7,  pt.  1, 1800,  p.  306. 
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pound.  Below  this  layer  there  is  a  porous  stratum,  with  cavities 
containing  celestite  and  free  sulphur.  The  latter  b  found  in  consid- 
o-able  quantitiee,  and  is  eridendj  derived  by  reduction  from  the 
sulphate.  Eraus  *  has  also  reported  celestite  as  extenavely  dissemi- 
nated through  dolomitic  limestone  near  Syracuse,  New  York.  At 
Put-in  Bay,  Lake  Erie,  the  limestones  contain  disseminated  celeetite, 
and  caverns  exist  whidi  are  lined  with  CTyBtals  of  that  mineral.* 
Hie  celestite  here  has  evidently  been  leached  out  from  the  surround- 
ing rocks  and  redeposited  in  the  cavities.  Although  strontium  sul- 
phate is  much  less  soluble  tiian  gypsum,  it  is  more  soluble  than 
calcium  carbonate,  and  therefore  it  may  be  dissolved  away  from  the 
latter.  In  Transylvama,  according  to  A.  Eo4^,*  celeetite  and  barite 
occur  together  in  bituminous  limestone.  H.  Bauerman  and  C  Le 
Neve  Foster  *  report  celestite  in  a  nuiomuhtic  limestone  in  Egypt,  and 
the  crystals  sometimes  inclose  fossil  remains.  It  also  appears  as 
filling  the  interior  of  fossil  sheOa,  eepecislly  the  chambers  of  nautiH. 
At  Condorcet,  in  France,  as  desmbed  by  Lachat,  celestite  is  found 
associated  with  gypsum  in  limestone.*  Examples  of  this  kind  might 
be  multiphed  almoet  indefinitely.  Strontium  and  calcium  are  so 
nearly  related  chemically  that  th^  common  assotaation  in  rocks  is 
something  to  be  naturally  expected. 

BARTTE. 

Barite,  the  barium  sulphate,  BaSO^,  is  closely  akin  mineralogicaSy 
to  celestite,  but  is  more  characteristically  found  in  metalliferous  veins 
than  in  bedded  formations.*  Its  occurrence  as  a  cement  in  sandstones 
has  already  been  noticed,*  and  it  has  also  been  observed  as  a  sintery 
or  even  stalactitic  deposit  from  spring  and  mine  waters.* 

P.  P.  Bedson  *  found  barium  to  be  present  in  notable  amoimts  in 
an  English  colliery  water;  and  T.  Kichardsou^"  has  described  a 
deposit  of  barite  from  a  similar  solution.  Like  depodte  from  other 
English  collieries  have  been  reported  by  F.  Clowes,"  who  analyzed 
samples  containing  from*  81.37  to  93.35  per  cent  of  BaSO«.  The 
pipes  carrying  water  from  the  mines  which  yielded  these  sediments 
were  often  choked  by  them,  the  barium  sulphate  being  rarely  absent 

1  Am.  loor.  ScL,  4th  Mt.,  Tot.  IS,  UOt,  p.30.  On  eelcaUla  dapoalti  m  CmllfimiE,  m  W.C.  Pbden,  Bull. 
XJ.  B.  OvA.  Bamf  No.  MO,  1014,  p.  131. 

■  Knm,  Am.  Jour.  Sol.,  4tb  «gr.,  vol.  1»,  IMS,  p. »«. 

•  Uln.  pet.  intt.,  Vfd.  S,  1888,  p.  US. 

•  QDBrt.  JODT.  0«ol.  Boe.,  vol.  K,  18B»,  p.  10. 

•  Aimaln  dn  mlns,  7th  *er„  vid.  ao,  ISgl,  p.  tS7. 

«  B«  L.  Dleclahlt,  Campt.  Send.,  nd,  97, 1881,  p.  SI. 

'  Bee  ante,  p.  SSO. 

'?or  the  dbtrlbulkm  or  barium  In  waten,  etc.,  neR.  Dalktskunp,  Notlibl,  Ver.  Erdknnde,  4tbnT., 
Heft  31,  IMO,  pp.  47-S3.  On  tb*  dliMbatloD  of  bvlnin  tod  itnatlom  in  ndlnuDtary  rock^  aae  L.  CoUot, 
Conpt.  R«nd.,  vol.  HI,  1W6,  p.  B39. 

■  lour.  8oo.  Cham.  Ind.,  vol.  S,  1887,  p.  711. 
»  Rcpt.  Brit.  Anoc.,  180},  p.  H. 

u  Proe.  BCV.  Soo.,  viA.  4>,  ISW,  p.  386. 
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and  frequently  their  chief  constituent.  At  Doughty  Springs,  in 
Delta  County,  Colorado,  according  to  W.  P.  Headden,'  lai^  masses 
of  sinter  have  formed,  consisting  at  some  points  of  nearly  pure 
barium  sulphate,  which  at  other  points  is  mixed  with  minor  to  domi- 
nant quan^ties  of  calcium  carbonate.  Barytio  sinters  are  also  formed 
by  a  brine  spring  in  a  mine  at  Lautenthal,  in  the  Hartz  Mountains, 
and  these  have  been  carefully  studied  by  G.  Lattermann.'  In  this 
oase  they  are  precipitated  by  the  minting  of  the  sulphate-bearing 
mine  waters  with  the  brine  from  the  spring.  Lattenuaim's  analyses 
of  the  two  waters,  as  stated  by  him  in  grams  per  liter,  are  as  follows : 


Analyui  of  tprmg  and  m 

ne  tnaten  at  Lmttmlhal. 

Spring. 

lOnewBte. 

0.31S 
.8» 
10.120 
4.360 
68.168 
.458 

z^::;  ■::■■::■";::::::::::::::::::::::::::::;;:: 

The  barytio  deposits  from  these  waters  contun  strontixun,  and 
appear  in  several  forms — as  stalactites,  as  mud,  and  as  incrustations. 
Analyses  of  them  by  Fernfijidez  and  Bragard  show  the  subjoined 
proportions  of  the  two  principal  ingredients.' 


m  deponU  at  Lautenthal. 

While  rtatac- 

Brown  itiUo- 
UtteB. 

Mad. 

Ckusti. 

BaSOi 

84.81 
12.04 

83. 8S 
8.64 

82.3 
13.4 

Similar  mixtures  of  the  two  sulphates  intermediate  between  barite 
and  celestite  are  well  known  in  crystalline  form,  and  oalcitmi  sulphate 
is  often  present  also.  A  remarkable  banded  barite,  from  Fettds 
County,  Missouri,  described  by  C.  Luedekiog  and  H.  A.  "Wlieeler,* 
had  the  following  composition: 

'  Proc.  Colimdo  Sci.  Hoc.,  vol.  8, 1906,  p.  i. 

I  Jahrb.  E.  preus9.  gul.  Lmdssmatalt,  188S,  p.  2W.  Aalmllar  deposit  ol  barium  and  stnmthunsul^Aiates 
from  an  En^kb  mbe  valar  la  dsscrtbed  by  1,  T.  Dinm,  Chem.  News,  vol.  3S,  1877,  p.  140. 

>  ComplcU  analyws  are  g[vta  In  (ha  o^ebul  menioir  by  l.atWniiami. 

•Am.Joor.  Scl.,3d9er.,vol.42,iasl,p.4S6,  ThapregeDdolammonluniBaltswaaliidBpaidantly  nriOM 
bj  tests  In  tha  laboratory  ol  the  Unltad  States  Geological  Survey. 
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Analgiit  o/banufiom  Pettii  County,  Miuovn. 

BaSO, 87.2 

SrSO, 10.9 

OaSO. 2 

(NH.)^0. 2 

HjO 2.4 

100.9 

The  pres^xce  of  an  anunoniuin  salt  in  such  a  mineral  is  most 
imuaual. 

Nearly  or  quite  all  of  the  occurrenoee  of  barite  indicate  that  it  is  a 
miaeral  of  aqueous  oiigin.  It  may  form  as  a  direct  deposit  from 
waters,  or  as  a  precipitate  when  different  waters  oomimingle,  or,  as 
C.  W.  Dickson '  has  shown,  by  a  reaction  between  solutions  of  barium 
bicarbonate  and  gypsum.  Barium  sulphate  is  also  produced,  accord- 
ing to  Dickson,  wheu  the  bicarbonate  solution  is  brought  into  contact 
with  oxidizing  pyrite;  and  ita  presence  in  limestones  is  attributed  to 
a  possible  coincidence  of  the  two  reactions.  The  oxidizing  pyrite  is 
first  iostrumental  in  txausforming  calcium  carbonate  to  sulphate,  and 
the  latter  then  undergoes  double  decomposition  with  the  peroolatii^ 
barium  solutions.  The  original  source  of  the  barium  is  in  the  feld- 
spars and  micas  of  the  arystalline  rooks,  from  which  it  is  dissolved  out 
during  the  ordinary  process  of  weathering. 

One  very  different  occurrence  of  barite  remains  to  be  mentioned. 
In  the  Salem  district  of  India  T.  H.  Holland '  found  a  remarkable 
network  of  veins  consisting  of  qaaitz  and  barite,  with  about  70  per 
cent  of  the  first  mineral  and  30  of  the  second.  Tliese  veins  are 
mostly  in  pyroxenio  gneiss,  and  one  cuts  a  dike  of  augite  diorite, 
and  Holland,  for  structural  reasons,  regarded  the  quartz-barite  rook 
as  a  segr^ation  from  the  original  magma.  This  supposition,  how- 
ever, is  chemically  improbable.  In  a  molten  state  quartz  (or  free 
silioa)  would  react  upon  barium  sulphate,  to  form  a  silicate  and  set 
sulphuric  acid  or  sulphur  dioxide  free.  Quaiiz  and  barite  are  nmg- 
matically  incompatible.* 

Various  syntheses  of  oryBtalline  barite  are  on  reoord.  One  of  the 
latest  by  Hilda  Qebhart,*  is  worth  noting.  Solid  barium  chloride 
was  covered  by  a  layer  of  gelatinous  silica,  over  which  a  solution  of 
a  sulphate  was  placed,  and  the  apparatus  was  allowed  to  stand  undis- 
turbed for  eight  or  nine  months.  By  slow  diffusion  of  the  sulphate 
through  the  intervening  siliceous  jelly  definite  orystalfl  of  barite  were 
formed. 

I  edtaol  ot  HIdM  Quart ,  vol.  23,  IMZ,  p.  3M, 
<  Rm.  QcdI.  &amf  Iitdli,  vid.  30,  IWT,  p.  330. 

■  On  tbe  gransls  of  buite  »•  an  Important  papw  by  O.  B.  TraiM-,  Jibrb.  E.-k.  |;e(ri.  Rekluanstalt,  vid. 
G3,  IMS,  p.  387.   Thfa  pqiei  eontalns  abimduit  IlUmture  nSenacte.   On  the  barite  deposits  of  Vliglnlc 

neT.  L.  WBtMm,  BuH.  Am.  Init.  Ufn.  Eng,,  1IM7,p.  es3. 
>  Ifb.  pet.  Ultt.,  vol.  29, 1910,  p.  19£. 
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FZiUORITB. 

Fluoiite  or  fluoispar,  oaloium  fluoride,  C&F„  is  also  a  common 
mineral  in  dolomitee  and  limeetonee,'  and  it  is  often  aaaociated  with 
galena  and  zinc  blende.  CrystalB  of  it  are  fotmd  is  limestone  geodeB, 
wliere  it  has  eridenttly  been  deposited  from  solution.  In  some  oases 
it  may  have  been  formed  by  fluoride  aolutions  peroolating  throu^ 
and  replacing  limestone.  Its  commonest  ocourrence  is  as  a  filling  of 
veins.' 

1  B«  uUip.  335,  te  in  ■oooant  ot  9iuilte  u 


>  for  I  daEriptlon  of  th«  iiMt  Soinvar  dgpodb  In  Kwitneky  and  Bonl 
Tnuu.  Am.  IiuL  Miu.  Eiig.,  voL  31, 1803,  p.  SI;  H.  F.  Bain,  BnlL  U.  S.  0«(d.  Snmy  No.  2U,  IMK;  E 
UlikliaDd  W.  8.  T.  Smltli,  Plot  Pap«iU,B.  Ocol.  Snrvcjr  No.  U,  1905;  and  F.J.  f oba.  Bam.  Gtolocrr 
ToL  t,  1910,  p.  177.  On  (bt  anonvw  ol  Darbrshira  im  W.  H.  EiglMtona,  Tniu.  Inst.  Hin.  Bi«.,  toL 
li,  ISQB,  p.  2301  ■Qd  C.  B.  Wcdd  and  O.  C.  Qnbbto,  Id«m,  p.  Ml.  The  ]aUa  pqiar  conlKbis  a  eood 
blbUogiqihf.  On  tht  tluonpti  ol  San  Roque,  Cordoba,  Arccatlna,  see  J.  VateiUn,  Zeltachr.  pnkL 
Osolods,  UM,  p.  KM. 
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CHAPTER  XIV. 
METAMORPHIC  ROCKS. 
METAMOKPHIC  PROCESSES.  , 

In  its  widest  sense  the  adjective  metamorphio  may  be  appli&d  to 
any  rook  tiiat  has  undergone  any  sort  of  change.  Practically,  how- 
ever, it  is  used  to  describe  a  wen-defined  daaa  of  rocks  in  which  the 
trausfonnstion  from  an  original  form  has  been  nearly  complete.  A 
slightly  altered  igneous  or  sedimentary  rook  is  not  commonly  called 
metamorphic;  nether  is  a  mass  of  decomposition  products  so  desig- 
nated. The  gneisses,  the  schists,  quartzite,  marble,  and  serpentine 
are  the  most  famihar  examples  of  metamorphism,  and  in  each  case 
BC  antecedent  rock  has  been  changed  into  a  new  rook  by  one  or  sev- 
eral among  many  different  processes.' 

Some  varieties  of  metamorphism  are  entirely  physical  or  stmctural, 
and  therefore  will  not  be  considered  in  this  memoir.  Metamorphoses 
which  represent  only  a  developmrait  of  slaty  or  schistose  structure 
are  of  this  kind.  In  most  oases,  however,  metamorphism  is  accom- 
panied by  chemical  changes,  which  are  indicated  by  the  production 
of  new  minerals,  and  this  sort  of  metamorphism  concerns  us  now. 
It  may  be  regional,  when  laige  areas  are  affected,  or  a  phenomenon 
limited  to  a  contact  between  two  reacting  rocks,  but  these  distinc- 
tions are  of  little  s^nificance  chemioally.  The  chemical  phases  of 
the  process  are  all  that  we  need  to  consider  at  present. 

The  reactions  involved  in  metamorphism  are  not  difficult  to  olaaeify. 
Tlie  following  changes  aro  probably  the  most  important: 

1.  Molecular  rearrangements,  as  in  the  process  of  uralitization, 
when  a  pyroxene  rock  is  changed  into  one  characterized  by  amphibole. 

2.  Metamorphism  by  hydration.  The  conversion  of  a  peridotite 
or  pyroxenite  into  serpentine  is  a  case  of  this  kind,  although  some- 
thing more  than  simple  hydration  is  involved  in  the  change. 

3.  Metamorphism  by  dehydration.  The  change  of  limonite  to 
hnnatite  and  of  bauxite  to  emery  are  good  examples.  Alterations 
of  this  class,  however,  are  often  more  profound  than  dehydration 
alone  can  account  for,  especially  when  they  take  place  at  lUgh  tran- 
peratures.    Then  the  molecules  of  hydrous  minerab  may  be  broken 
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down,  as  when  Berpentino  breaks  up  into  olivine  and  enstatito,  or  talc 
into  a  metasilicate  and  quartz. 

4.  Oxidations  and  reductions,  which  affect  chiefly  the  iron  oxides 
of  the  rocks.  Ferrous  compounds  become  ferric,  and  hematite,  on 
the  other  hand,  may  be  reduced  to  magnetite. 

5.  Changes  other  than  hydration,  produced  by  percolating  solu- 
tions. Cementation  is  one  process  of  this  kind,  and  the  change  from 
sandstone  to  quartzite  is  a  common  example  of  it.  In  other  processes 
the  solutions  effect  chemical  transformations,  and  develop  new  com- 
pounds.   The  dolomitization  of  limestone  is  a  case  in  point. 

6.  Metamorphism  by  the  action  of  gases  and  vaporo,  the  so-called 
"mineralizing  ^ente."  These  agents  generate  new  minerals  within 
a  rock,  and  like  solutions  introduce  new  constituents. 

7.  Metamorphism  by  igneous  intrusions.  This  heading  covers  the 
ch&nges  due  to  the  intrusion  of  molten  matter  into  or  between  rock 
masses,  whereby  a  class  of  "contact  minerals"  is  formed. 

Although  this  classification  is  simple,  it  is  only  superficially  so. 
It  is  iiseful  as  a  matter  of  convenience,  but  its  application  to  concrete 
examples  of  metamorphism  ia  not  always  easy.  Two  or  more  proc- 
esses may  operate  simultaneously,  or  they  may  shade  into  one  an- 
other, with  all  sorts  of  variations  in  detail  due  to  variations  in  tem- 
perature and  pressure.  All  of  these  considerations  must  be  borne  in 
mind  in  dealing  with  the  actual  phenomena  of  metamorphism.  The 
ideal  simplicity  is  not  often  found. 

In  the  study  of  metamorphic  phenomena  the  conceptions  developed 
by  C.  R.  Van  Hise  ■  are  aJso  helpful.  Van  Hise  divides  the  Utho- 
sphere  into  two  zones — an  upper  zone  of  katamorphism  and  a  lower 
of  anamorphism.  The  zone  of  katamorphism  is  furthermore  sub- 
divided into  two  belts — one  the  belt  of  weathering,  the  other  that  of 
cementation.  These  approximately  concentric  shells  are  character- 
ized by  definite  chemical  differences,  which  may  he  briefly  sum- 
marized as  follows: 

The  uppermost  shell  of  all,  the  belt  of  weathering,  extends  from 
the  surface  of  the  ground  to  the  level  of  the  ground  water,  and  its 
thickness  is  very  variable.  It  is  essentiaUy  the  r^on  of  rock  decom- 
position, and  its  reactions  are  mainly  those  of  hydration,  oxidation, 
absorption  of  carbonic  acid  with  liberation  of  silica,  and  losses  of 
material  by  leaching.  It  is  also  a  r^on  of  low  pressure,  relatively 
low  temp^-ature,  and  great  porosity.  In  it  the  complex  silicates 
are  broken  down  into  simpler  compounds,  from  which,  within  the 
belt,  they  are  rarely  r^enerated. 

The  belt  of  cementation  is  that  which  contains  the  grotrnd  watw. 
Its  rocks  are  more  or  less  porous  and  fractured,  its  temperature  is 
still  not  high,  but  the  pressure  is  great  enough  to  play  an  Important 

>  A  troilbo  OD  melwaorphlsm:  Mon.  U.  B.  0«al.  Suivey,  vol.  47,  IIM. 
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part  in  the  reconsolidatioQ  of  sedimentary  material.  It  Ib,  in  short, 
the  birthplace  of  such  rocks  as  shales  and  sandstonee.  In  the  belt 
above  it  solution  is  a  leading  process,  but  here,  in  the  accumulated 
ground  water,  redeposition  rules.  Hence  its  name,  the  belt  of  cemen- 
tation. 

In  the  zone  of  anamorphism,  which  lies  bolow  the  region  of  the 
ground  water,  the  rocks  are  no  longer  distinctly  porous.  The  pres- 
sure above  them  tends  to  dose  up  all  pores  and  fractures.  Hie  tem- 
perature is  also  relatively  high — that  is,  below  the  melting  point  of 
the  rocks,  but  possibly  above  the  critical  temperature  of  water. 
Under  these  conditi<»is  the  reactions  of  the  upper  zone  are  reversed. 
Instead  of  hydration,  there  is  dehydration;  reduction  is  more  com- 
mon than  oxidation;  carbonates  are  decomposed  and  silicates  are 
■generated.  Pneumatolytic  reactions  are  characteristic  of  this 
region,  and  so  too  are  metasomatic  changes.  There  is  also  a  tendency 
to  the  development,  under  pressure,  of  the  heavier  and  denser  rock- 
forming  minerals,  and  of  the  species  which  contain  constitutional 
water,  fluorine,  or  boric  oxide.  Garnet,  staurolite,  muscovite,  epi- 
dote,  and  tourmaline  are,  for  example,  typical  minerals  of  the  meta- 
morphic  rocks.' 

According  to  C.  R.  Van  Hise,  the  minerals  of  the  upper  zone  are 
those  which  are  formed  with  increase  of  volume  and  evolution  of 
heat.  In  tiie  lower  zone,  contraction  and  absorption  of  heat  occur. 
These  distinctions,  of  course,  are  general,  not  absolute,  and  should 
only  be  accepted  in  a  broad  way.  They  stand  for  prevaiUng  tend- 
encies, to  which  many  exceptions  are  possible.  Nor  can  the  belts 
and  zones  be  rigorously  delimited,  for  they  shade  into  and  even 
interpenetrate  one  another.  Material  formed  in  the  belt  of  weather- 
ing is  covered  up  by  sediments,  and  presently  finds  itself  within  the 
belt  of  cementation.  Still  later,  covered  more  deeply,  it  may  pass 
into  the  zone  of  anamorphism.  So  also,  by  erosion,  a  part  of  the 
anamorphic  zone  may  be  uncovered  and  brought  within  the  realm 
of  weathering.  To  all  of  these  changes  chemical  changes  correspond, 
so  that  the  same  mass  of  material  can  be  metamorphosed,  in  opposite 
directions,  over  and  over  again.  A  clay  becomes  a  shale;  that  is 
transformed  into  a  schist  or  gneiss,  and  that  again  may  pass  back 
into  clay.  The  phenomena  of  decomposition,  of  reconsolidation,  and 
of  recrystaUization  form  parts  of  a  cycle  of  changes  which  are  recog- 
nized mainly  by  theur  interruptions.  The  definite  products  to  which 
we  give  definite  names  represent  temporary  stoppages  or  periods  of 
slow  change  in  the  progress  of  the  cycle. 

1  AooOTdIng  to  Q.  SpwlB  (Atll  Aoiad.  sd.  Tortao,  vol.  49,  p.  «S2;  and  Chflm.  AbaCnoti,  vol.  i,  p.  2£B7, 
1913]  tha  vletn  of  Van  Hive  ictetlva  lo  the  Infiusace  ol  prMoure  are  unteoable.  For  Initance,  Umonlla, 
bald  lijT  B  nxBillu  undw  a  praaur*  of  8,000  Btmoaphenia  ns  not  dahydrstKl.  N«ECb«r,  undar  7,000  abnos- 
phvaa.wH  aragoolM  tianilonned  to  calcite.  For  a  general  discussion  of  theaaccUoIpnesuieonUn 
pbraloland  chemical  tebitloni  otaallds,  see  J.  Johnatim  and  L.  H.Adams,  AnLlour.  ScI.,4thiar.,ToL 
B6,UI3,p.  206. 
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In  boUi  zones  of  the  lithosphere  water  is  the  <^ef  agent  of  chem- 
ical metamorphifim.  It  is  most  abundant  in  the  zone  of  katamor- 
phism,  where  it  acts  mainly  as  a  liquid  and  fills  more  or  less  com- 
pletely the  pore  spaces  of  the  rooks.  In  the  zone  of  anamorpluHm 
water  is  much  less  abundant  and  operates  in  the  suboapillary  and 
intermolecular  spaces,  where,  because  of  the  higher  temperatures,  it 
is  probably  present,  at  least  for  the  most  part,  as  vapor.  At  a  depth 
of  about  10  kilometers  the  critical  temperature  of  water  is  likely  to 
be  reached,  and  its  chemical  activity  should  then  be  very  high.  The 
well-known  corrosive  action  of  superheated  steam  upon  glass  is  an 
illustration  of  this  point.  Even  when  the  water  is  still  liquid,  at 
temperatures  of  over  200°,  it  may  form  a  fluid  or  pasty  mass  with 
some  silicates,  as  was  shown  by  C.  Bams  >  in  his  experiments  upon 
aqueo-igneous  fusion. 

In  the  zone  of  katamorphism  the  water  is  moving  freely,  percolate 
ing  from  place  to  place.  In  the  lower  zone  its  mobility  must  be 
much  diminished,  so  (hat  on  a  given  particle  of  rock  it  acta  for  a 
longer  time.  It  may  appear  in  this  zone,  according  to  Van  Hise,  in 
three  ways — as  water  held  by  buried  sedimentaries,  as  water  liberated 
from  hydrous  compounds  by  heat  or  pressure,  and  as  magmatic  water 
contained  in  igneous  intrusions.  But  from  whatever  source  it  may 
be  derived,  its  chemical  functions  are  the  same.  It  acts  as  a  solvent 
upon  practically  all  the  rock-forming  minerals;  it  therefore  trans- 
fers matter  slowly  from  point  to  point  and  in  that  way  assists  in 
bringing  about  recrystallization.  In  so  doing  the  water  is  partly 
taken  up  into  tile  molecules  of  new  compounds,  such  as  staurolite, 
epidote,  mica,  and  tourmaline,  of  which  it  forms  a  constitutional 
part  and  from  which  it  can  only  be  expelled  at  temperatures  ap- 
proaching or  even  exceeding  a  red  heat.  Loosely  combined  water 
thus  becomes  firmly  c<anbined  water  and  ceases  for  the  time  being  to 
be  further  active.  A  reference  back  to  the  chapter  upon  rook-form- 
ing minerals  will  show  bow  many  syntheses  have  depended  upon 
heating  the  constituent  substances  with  water  under  pressure.  The 
minerals  thus  formed  are  characteristic  of  the  zone  of  anamorphism, 
even  though  they  are  not  confined  to  it.' 

The  sediments,  as  a  rule,  contain  organic  matter.  When  they 
reach,  by  burial,  the  high  temperatures  of  this  zone,  the  organic 
matter  is  decomposed,  yielding  free  carbon,  carbon  dioxide,  nitn^en, 
and  water.  The  free  carbon  may  appear  in  the  metamorphosed  rocks 
as  amorphous  partictes  or  it  may  be  recrystallized  into  graphite;  the 

iSMui(«,p.sg7. 

■  In  addition  U  vrorkialrakdf  dtad,  the  loUawtiic  pivwi  irhloh  hBTaq>pa*nd  dnrlDg  novt  jwnoi 
brdrotluniul  lynthaH  dna-rt  notlCB:  E.  Baur,  ZtUfOii,  utorg.  Cbtmla,  yd.  n,  1011,  p.  ItS.  W.  T. 
Hllllw  and  I.  £j>DlEib«rger,  ZaUKbr.  angaw.  Chamia,  voL  26, 1011,  p.  isn.  P.  NIrII,  Zaltadir.  aDOfg. 
Chamta,  vol.  S*.  1813,  p.  31.  O.  W.  Uony  aail  P.  Nlggll,  Jour.  Am.  CImdl  Sm.,  foL  U,  1913,  p.  Un 
iLS7,UU,p.SI. 
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carbon  dioxide  may  escape,  working  its  way  slowly  upward,  or  it  may 
be  caught  and  inclosed  within  crystals  of  quu-tz  or  other  minerals. 
InduBions  of  this  kind  are  common,  and  so  also  are  indnaions  of 
free  carbon. 

In  this  process  of  decompodtdon  the  oi^anic  matter  of  the  sedi- 
ments acts  as  a  reducing  agent,  transforming  ferric  to  ferrous  com- 
pounds.  When  magnetite  is  thus  formed  from  hmonite,  the  reduction 
is  partial,  but  when  the  iron  compounds  of  a  clay  are  metamorphosed 
into  staurolitfi  or  tourmaline,  the  change  from  ferric  to  ferrous  is 
nearly  or  quite  complete.  It  must  not  be  assumed,  however,  that 
organic  matter  is  tlie  only  reducing  agent  during  metamorphism. 
We  have  seen  in  a  previous  chapter  that  hydrogen  may  be  either 
occluded  in  or  genwated  from  heated  rocks,'  and  its  activity  as  a 
reducer  may  be  very  great.  But  on  this  point,  geolt^cally  speaking, 
there  is  little  positive  knowledge.  We  are  compelled  to  deal,  more 
or  less,  with  reasonable  inferences. 

By  the  action  of  the  heated  waters  much  ^ca  is  liberated,  which 
recrystallizes  in  part  as  quartz.  Some  of  it,  however,  attacks  the 
limestones  of  the  buried  sedimentaries,  liberating  carbon  dioxide  and 
forming  sificates,  such  as  wollastonite.  When,  however,  a  lai^  mass 
of  fairly  pure  limestone  or  dolomite  reaches  the  anamorphic  zone,  it 
is  recrystallized  into  marble.  This  change,  and  also  the  formation 
of  dolomite,  was  considered  in  detail  in  the  precediog  chapter,  where 
the  subject  was  perhaps  out  of  place.  Some  of  tiie  concomitant 
changes  viU  be  discussed  later. 

One  great  distinction  between  the  two  zones  remains  to  be  noted. 
In  the  belt  of  weathering  the  transfer  of  material  from  point  to  point, 
both  by  mechanical  and  by  chemical  means,  is  a  conspicuous  feature. 
In  the  belt  of  cemcoitatlon  the  mechanictd  transfers  become  less  prom- 
inent, but  the  moving  waters  carry  much  matter  long  distances  in 
solution.  In  the  zone  of  anamorphism  the  mechanical  movements 
become  relatively  insignificant  and  the  chemical  changes  are  prac- 
tically effected  in  place — that  is,  the  chemical  movements  of  matter 
within  the  lower  zone  are  only  through  trifling  distances,  and  the 
transformations  are  effected  with  material  close  at  hand.  The  upper 
zone  is,  then,  emphatically  a  zone  of  mobility;  while  the  material  of 
the  lower  zone,  being  under  great  pressure,  is  comparatively  immov- 
able. I  speak  now,  of  course,  of  certain  kinds  of  movement;  the 
motions  of  the  earth's  crust,  its  upheavals  and  depressions,  the  dis- 
placing influence  of  igneous  intrusionSj  etc.,  are  phenomena  of  a  dif- 
ferfflit  order.  Neither  do  I  use  the  terms  movable  and  immovable 
in  any  absolute  sense,  for  they  have  only  a  relative  meaning.  The 
freedom  of  motion  in  the  upper  zone  is  vastly  greater  than  in  the 
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lower;  and  because  of  that  fact  the  phenomeiia  of  the  two  zones 
become  strongly  contrasted. 

CLASSIFICATION. 

The  clas^cation  of  the  mt>tamorphic  rocks  is  not  a  siinple  matter. 
The  criterion  of  structure  ia  not  sufficiently  general,  and  that  of 
genesis  is  too  vague.  We  can  not  always  determioe  the  genesis  of 
a  given  rock,  and  when  we  are  able  to  do  so,  the  result,  for  purposes 
of  clasEofication,  may  be  unsatisfactory.  A  gneiss  can  be  derived 
from  an  igneous  rock  or  from  one  of  sedimentary  ori^n,  the  product 
being  sensibly  the  same  in  both  cases.  It  is  possible,  of  course,  to 
classify  these  rocks  on  the  basis  of  their  composition;  but  here  agun 
there  are  difficulties,  even  greater,  perhaps,  than  those  which  bedoud 
the  classification  of  purely  igneous  material.'  Quite  dissimilar  rocks 
may  have  very  similar  composition.  In  fact,  no  single  classifica- 
tion covers  all  the  ground;  for  the  phenomena  of  nature  do  not 
arrange  themselves  in  linear  sequence.  They  form  an  irregular  net- 
work of  interlacing  lin^,  with  all  manner  of  intersections  and  fre- 
quent disturbances. 

Taking  all  of  the  difficulties  into  account,  I  prefer  to  study  the 
metamorphic  rocks,  so  far  as  may  be  practicable,  with  reference  to 
the  chemical  processes  which  have  governed  their  formation.  I  have 
already  stated  that  several  processes  may  take  part  in  a  &n0e 
metamorphosis;  but  in  many  cases  one  process  predominates.  Ilie 
conspicuous  process,  then,  gives  a  basis  for  classifying  our  data 
which  need  not,  however,  exclude  other  arrangements  for  other  pur- 
poses. The  method  supplements,  but  does  not  supplant  its  rivals. 
For  convenience  we  may  also  divide  the  metamorphic  rocks  into  three 
classes,  as  follows:  First,  those  derived  from  igneous  rocks;  second, 
those  of  sedimentary  origin;  third,  rocks  formed  by  contact  reac- 
tions between  the  igneous  and  the  sedimentary. 

The  metamorphism  of  the  igneous  rocks  ia  commonly  a  deep-eeat«d 
phenomenon;  that  is,  its  conspicuous  examples  are  formed  in  the 
zone  of  anamorphism,  or  imder  anamorpbic  conditions.  Leaving 
mechanical  or  structural  changes  out  of  consideration,  its  conspicu- 
ous feature  is  of  the  order  of  a  molecular  rearrangement;  in  other 
words,  the  older  minerals  are  transformed  into  new  species,  some- 
times by  simple  paramorphism  and  sometimes  with  transfer  of 
material  from  one  molecule  to  another.  In  general,  as  F.  Becke  * 
has  shown,  the  rearrangements  are  attended  by  decrease  of  volume, 
the  product  of  the  change  being  denser  than  the  original  material 

lU.  Orubeninuin  (Die  KrlatalUnen  Schlelcr,  Bulln,  vol.  1, 1904;  vol.  2, 1907)  has  BttampMd  to  tma  ■ 
dumtaU  olBaslflcatloii  of  tha  aolilats,  which  rasemblas  Osami'g  dlaciuslon  of  tha  Iguaoua  roDki.    A  iMiiDd 
•dttlm  of  arabauiuim'a  hook  In  one  volume  appeared  In  1910.    The  relSnnoai  In  thk  vock  ara  to  Um 
flntedlUtm.    OnmeUmonihlOraokBeriMMt  P.  Nloll,  Uln.  pat.  Ifltt.,  voLll,  U13,p.4n. 
•  Neun  labrb.,  is«e,  Buid  z,  p.  \w. 
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For  example,  in  the  special  case  chosen  by  Becke,  the  plagioclaae  and 
orthoclase  of  a  rock  containing  a  little  water  were  transformed  into 
a  mixture  of  albite,  zoisite,  muscovite,  and  quartz,  the  volume  reduc- 
tion being  in  the  ratio  of  547.1:462.5,  a  loss  of  over  15  per  cent. 
A  numb^  of  similar  condensations  are  cited  by  U.  Orubenmann;  * 
and  although  the  calculations  are  neceesarily  crude,  they  are  none 
the  less  conclusive.'  The  fact  that  there  are  exceptions  to  the  rule 
does  not  destroy  its  general  validity. 

Prom  a  mineralogical  point  of  view,  the  more  noteworthy  meta- 
morphoses within  the  igneous  rocks  may  be  classified  under  the 
following  headings: 

1.  Change  of  pyroxene  to  amphibole. 

2.  Change  of  feldspar  to  mica. 

3.  Change  of  feldspar  to  zoiflite. 

4.  Change  of  feldspar  to  scapolite. 
&.  Fonnation  o{  cpidote. 

6.  Formatioii  of  garnet. 

7.  Change  of  hornblende  to  chlorite. 

5.  B^iii'^ation  of  albito  froia  plagioclaae. 
9.  Fonnation  of  serpentine. 

10.  Alteration  of  ilmenite. 

This  schedule  is  by  no  means  exhaustive,  for  many  other  minor 
changes  are  to  be  observed  in  the  metamorphism  of  igneous  rocks. 
Every  primary  mineral  that  they  contain  may  give  rise  to  secondary 
species,  and  these  represent  all  orders  of  transformation  from  the 
slightest  modification  to  the  complete  molecular  breaking  down 
which  is  seen  in  the  processes  of  weathering.  Decompositions,  how- 
ever, are  not  now  under  discussion;  we  are  dealing  with  the  phe- 
nomena of  recrystallization  within  rock  masses,  excepting,  of  course, 
the  case  of  serpentinization,  which  is  a  process  of  a  different  order. 

TJRAUTIZATION. 

The  alteration  of  pyroxene  rocks  into  hornblende  rocks  is  one  of 
the  hest-eetsblished  metamorphoses.  The  hornblende  thus  produced, 
when  fibrous,  is  known  as  urahte,  and  the  change  is  called  urahtiza- 
tion.*  It  is  often  accompanied  and  complicated  by  other  changes, 
such  as  the  formation  of  epidote  or  zoisite,  and  it  may  also  be  coinci- 
dent with  the  development  of  a  schistose  structure.  Mediosilicic  and 
subsilicic  rocks,  Uke  gabbro  and  diabase,  ore  thus  metamorphosed  into 
amphibolite  or  hornblende  schist.     An  excellent  example  of  this  sort 

■  Die  ErfaUlUmn  Sobleto,  Bfirlln,  1901,  pp.  34-38.  Orubmiuim'a  data  an  takm  [rem  a  paper  b; 
J.  Btcta,  In  Compt.  rend.  IX  Cong.  g6)l.  InMnial,,  IWa,  p.  U3.  Sen  alM  F.  Laawlman-Lanlng,  SWdlen 
flbar  dig  EmpUvgestalne:  Compl,  rend.  VU  Cong,  gftil.  InMmat.,  SI.  Feurabuig,  18>T. 

■  Ptr  >  labulalkin  of  the  volums  chanxea  alMadlug  the  alUraUan  of  mlnfrala,  s«  C.  R.  Van  HIm,  A 
bwtbscmmatBmarpblsm:  Hon.  U.  8.  Oral.  Burvey,  vol.  47, 190),  pp.397-iae. 

■  Sss  O.  n.  WaUanu,  Bull.  U.  S.  Oml.  Suivey  No.  H,  ISBO,  p.  S3,  for  a  lull  discussion  oC  tbb  sahinA, 
acGompvilAd  b;  ahnndant  rnffrflinn  to  llttraturflL  Sea  also  L.  Duparc  azid  T.  Uomunc,  Compt.  RcDd., 
*ol.  139, 1904,  p.  2ZI,  on  n  Ibrary  oT  urallUiatioD. 
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of  change  was  found  by  J.  J.  H.  Teall '  in  a  dike  at  Scotirie,  Suthffl^ 
landshire,  Scotland,  where  a  dolerite  had  changed,  first  into  a  mas- 
sive hornblende-bearing  rock  and  later  into  a  schist.  The  following 
aaalyaes  will  serve  to  illustrate  the  character  of  the  changas  thiu 
produced : 

Aiudyta  of  -pyroxene  rod*  befort  and  (f/ter  alieralion. 

Aa.  Tbe  plifChMlasa-prroXHis  rock  at  the  Bcourle  dike. 

Ati.  Tbe  da-lTsd  bmhleode  scbbl.    AnalTam  A  by  Tnll,  Inc.  cit. 

Bl  Prromu  from  tbe  ceota-  ol  a  ayatal,  TempJelim,  Canada. 

Bb.  Intennediats  porttoo  of  tbe  nine  crTrtal. 

Bo.  HnnUendafonnlnclfaerlniof  theo-ystal.  Analyua  Bb;  B.J.  Hmbsglao,  Oeol.  Surrey  Oanad^ 
Ree.  of  Progreea,  187T-1S,  p.  at  O. 

Ca.  DUkgs  from  a  gabbro,  Tnumal,  Sontb  Alrlct. 

Cb.  VraUtsbamaltvatknioftliedlallkge.  AnaljaeaC  b;  F.  Daliiiii,NaiMS  Jabrb.,BeIl.BaDd  T.Un, 
p.». 


A. 

Ab. 

Ba. 

Bb. 

Be. 

Ca. 

Ch. 

47.45 
H.83 
2.47 
14.71 

49.78 
13.13 
4.35 
11.71 

50.87 
4.67 

.97 
1.96 

.15 
15.37 
24.44 

.22 

.60 
"1.44 

50.90 

4.62 

1.74 

1.36 

.15 

15.27 

24.39 

.08 

.16 

=  1.20 

62.82 

2^07 

2.71 

.28 

19.04 

15.39 

.90 

.69 

12.40 

S3. 63 
3.12 
5.09 

13.54 

62-73 

10.21 

6.00 
8.87 
2.97 

.99 
1.00 
1.47 

.36 

5.40 
8.92 
2.39 
1.05 
1.14 
2.22 
.10 

18.77 
6.19 
.50 
.20 

oSi ;':'::::::' 

12.58 

.23 

Sk    :;. 

go    ...    

So, 

cS        : 

100.12 
3.10 

100.19 
3.10 

100.49 
3.18^ 

100.06 
3.205 

99.52 
3.003 

101.01 

99.90 

a  Losa  oo  IgnlttoD. 

That  the  change  from  pyroxene  to  uralite  or  amphibole  is  something 
more  than  a  paramorphism  these  few  analyses  clearly  show.  In  A 
there  has  been  oxidation  of  ferrous  to  ferric  iron,  in  B  a  loss  of  lime, 
and  in  C  a  loss  of  magnesia.  In  many  cases  uraUtization  is  accom- 
panied by  a  separation  of  magnetite,*  and  the  lime  removed  reappears 
as  calcite.  Epidote  is  alao  a  common  product  during  the  proceas, 
which  must  vary  with  variations  in  the  composition  of  the  altering 
rock  and  of  the  individual  pyroxene.  Augite  thus  yields  hornblende 
or  actinolite;  diopside  may  change  into  tremohte,  and  from  the  soda 
pyroxenes  the  aluminous  glaucophane  may  be  derived.  The  com- 
position of  the  pyroxene  is  reflected  in  that  of  its  derivative,  but 
the  augite<homblende  change  is  the  moat  common.'    Between  the 

1  Brlthb  patrograpliy,  I8SS,  p.  198;  also  In  Quart.  Jotu.  Oecd.  Soo.,  vol.  11, 1889,  p.  137. 

•  See  a.  Rose,  Zaltacbr.  Deutsch.  geol.  OiikU.,  vol.  16,  tSM,  p.  a;  E.  Svedmark,  Neoas  Jabib.,  1ST7,  p.  W. 

I  change  bf  C.  II.  Oocdon,  Am.  aeoloebt,  vid.  S4, 19M,  p. «. 
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ori^nal  igneous  rock  and  the  secondary  amphibolites  there  are  all 
posaible  intermediate  gradations,  from  incipient  change  to  complete 
transformation.* 

OliAUCOPBANE  SCHISTS. 

The  glaucophane  schists  differ  from  the  amphibolites  in  that  Qiey 
contain  die  soda  amphibole  instead  of  hornblende.  H.  S.  Wash- 
ington *  divides  these  rocks  into  three  ctassee,  namely,  epidot&f  lau- 
cophane  schist,  micar^aucophane  schist,  and  quartz-glaucophane 
schist;  but  he  also  recognizee  the  fact  that  there  are  many  transitional 
varieties.  W.  H.  MelviUe,*  for  example,  has  described  a  gamet- 
glaucophane  schist  from  Mount  Diablo,  California;  and  A.  Wich- 
mann  *  an  epidote-mica^flaucophane  stdiist  from  Cdebee.  A  zoisite- 
glaucophane  schist  from  Sulphur  Bank,  California,  is  also  mentioned 
by  G.  F.  Becker.*  It  consists  chiefly  of  glaucophane  and  zoisite,  but 
quartz,  albite,  sphene,  and  muscovite  are  also  present.  Another  rock 
from  Piedmont,  containing  glaucophane,  garnet,  hornblende,  epidote, 
mica,  and  sphene,  described  by  T.  G.  Bonney,'  is  called  a  glaucophane 
edogite. 

Genetically,  tJie  glaucophane  rooks  differ  widely.  Some  of  them 
are  undoubtedly  derived  from  mediosilioic  or  subsilicic  igneous  rocks; 
others  from  sedimentaries.  In  Greece,  for  example,  according  to  R. 
Lepsius,^  some  glaucophane  schists  represent  gabbro,  and  others  are 
metamorphosed  Cretaceous  ehalee.  The  epidote-glaucophane  schist 
of  Anglesey,  Wales,  described  by  J.  F.  Bla!ke,*  was  originally  a  die- 
rite,  and  in  this  rock  alterations  of  glaucophane  to  chlorite  occur.  In 
Piedmont,  as  described  by  S.  Franchi,*  there  are  glaucophane  rocks 
associated  with  amphibolite,  both  having  been  derived  from  diabase. 
In  Japan,  according  to  B.  Koto,*"  the  metamorphosed  material  was 
formerly  a  diabase  tuff,  and  the  glaucophane  was  derived  from  dial- 
lage.  By  further  alteration  the  glaucophane  sometimes  passes  into 
orocidolite.  And  on  Angel  Island,  in  San  Francisco  Bay,  California, 
a  glaucophane  schist  studied  by  F.  L.  Ruisome  **  has  been  developed 

I  ODftmpbIbamep(iidiindb;t&ebtn>rianorgr>iiitetiII«IIIiiwtciIw,lntbaLTOngitlBnTMteorCaDS^ 
wa  F.  D.  Adams,  Jour.  Qaoloinr,  vol.  17,  IMS,  p.  I. 

>  Am-Iom.  8oL,  4thaa.,Tol.ll,Ifl01,p.3G.  ThiBmaiiudtlikTMroamidHsmuiiiiuiyafaurkDovlMlge 
olttuMnxiks.  It  ogDtalns  manr  HMlpM  wd  abandant  nftnoMS  to  Utcntnre.  8«e  ■loo  E.  Oabbake, 
ZtOatla.  Dtututi.  gad.  OodL,  nl.  18,  t88S,  p.  OH;  U.  Orubtnmsu, BtMnbDSiili  "FatUdirtft,"  M»t 
£.  H.  Nnttcr  uid  W.  B.  Bnb«,  Jour.  0<akg7,  toL  10,  IBtH,  p.  738;  and  }.  P.  Smith,  ITao.  Am.  TbOat. 
Soc,  Til.  4S,  1D06,  p.  1S3.  Tbe  Iwt  two  pi^tn  nlUe  to  tba  ^aDDOiiluaia  rooka  Of  CaUtenlK.  Otturncit*- 
xKhy  ptftn  an  b;  B.  Hmgool,  Bull.  D^t  Otology  Unt*.  CalUomia,  vol.  4,  ISOe,  p.  SH^  L.  HBdi, 
NaoMlahib.,  Featband,  ISOT,  p.  318;  and  T.  I.  Varna,  Kaon  Jahib.,  Ball  Baul  3S,  IftU,  p.  IH. 

■  BalL  Omi.  Son.  Amarlca,  voL  3, 1800,  p.  413. 

•  Haoaa  Jshrb.,  1893,  B&nd  2,  p.  ITS. 

•  Hon.  V.  8.  Oaol.  Bazvaj,  voL  tS,  U88,  p.  IM. 
•HIiMtBlog.  Uag.,  vol.  7, 1887,  p.  1. 

I  OaaloEla  Ton  AtUka,  BkUd,  lae,  pp.  US,  ISL 

•  Oaol.  Uag.,  1888,  p.  lis. 

•  Bol.  Com.  gaol.  lUI.,  vol.  X,  1891,  p.  1S3. 
"lour.CoU.acl.  Japan,  Td.  1,1889,  p.  86- 
u  Boll.  Otpt.  a«ida(7  UulT.  CalUotnia,  m.  1,  p.  91. 
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from  a  radlolarian  chert,  probably  by  contact  metamoiphism.  Iji 
many  cases  the  genesis  of  these  rocks  is  obscure;  but  Washington  sng- 
gests  that  the  epidote-^laucophane  schists  represent  originally  gab- 
broid  magmas,  while  the  quartz^laucophane  schists  aie  metamor- 
phosed quartzites  or  quartzose  shales.  For  convenieDce,  differences 
of  origin  will  be  disregarded  here  and  the  analyses  of  this  group  (tf 
rocks  are  tabulated  together,  as  follows: 

Analyst!  of  amphibolitet  and  glaueopKant  tdtisti." 


I.  r.  HOtobtand,  BolL  U.  B.  0«cil.  8m«r 

C,  AmpUbidlta.CrytlalFaUfdlstrlct.Uklilgui.    Dwrlbedby  H.  L.  Smylli,  Uon.U.  S.  OeoLSmnr- 

il.  W,  18M,  p.  vn.    Aiulysli  bj-  H.  K.  Stokes.    FnbatilT  di 

B,  and  quKti,  with  »ltttlerutll»Ki 

3e  schist,  Haunt  Diablo,  CaliloTnla.  Anilrsli  by  W.  H.  IfclTfllv,  Bui).  0«oL  t 
urlOB,  TOl.  3, 1B9D,  p.  413.  Contains  gamcls,  Fosslbly  darlvad  Inm  atial*. 
E.  Oametflaaecvliaiie  nlibt,  Bandcm,  Ongon.  Analyiad  and  dcacrtbed  by  H.  8.  Wublnelcn,  A 
II.  ScL,  4th  see.,  vol.  U,  19Dl,p.  35.  Contain]  ghuicophana,  spldotaor  uilsit«,  gamM,  and  vblteml 
f.  Zolitt»«Uiuophaiia  KbisI,  Sulphui  Bank,  California.  Analyab  by  UaliOla.  Dmiflad  by  O. 
cbr,  Uon.  U.  S.  Owl.  BoiVBy,  vol.  13, 1SS8,  p.  104. 
1.  Uks^lanociphanBKhM,  lalHDdotSyia,  Onsca.    Analyndand  described  by  WaihlnctIB,hic.oll 


A 

B 

C 

D 

E 

t 

Q 

H 

SiO 

49.57 
14.23 
3.95 
8.01 
6.14 
10.19 
3.06 
.95 
.14 
1.33 
2.03 

51.25 
16.53 
1.81 
7.87 
5,87 
S.32 
3.35 
.78 
.19 
1.28 
1.84 

50.36 
13.26 
6.30 
9.34 

5.55 
7.85 
2.11 
1.14 

1.55 
1,65 
1.77 

47.84 
16.88 
4.99 
5.56 
7.89 
11.15 
3.20 
.46 
.17 
1.81 

49.15 
16.87 
4.10 
7.58 
7.  S3 
9.06 
3.59 
.64 
.16 
1.07 
1.19 
None. 

49.68 
13.60 
1.86 
8.61 
6.26 
10.97 
3.09 
.12 
S.84 
1.31 

58,26 
16.21 
a44 
4.63 
4.99 
3.82 
5.36 
.39 
.22 
.98 
1.37 

c^ 

&:::::.::::::::::. 

h!o 

Tfo,!;;::::"."."."."":::: 

pS: 

.21 

.02 
.04 

Trace, 
Trace. 
.27 
Trace? 
Trace. 
Trace. 

.31 

(?) 
Undet 
Trace. 

.20 

.14 

.21 

^v;;;;;;;.".".:::::::; 

v,o. 

nVo.'..:  """."V :" 

HnO 

£ 

Trace. 

.56 

Trace. 

.04 

Trace. 

rrace. 

LijO 

100.14 

100.46 

99.59 

100.65 

99.84 

99.59 

99.67 

100.52 

'  A  ntimbar  ot  anrob  Iballtee  1 
vejr,  voL  n,  1898.    For  analyses  sei 
dvtTod  from  srgillaceoug  I  Imestonei, 
of  u^ihlbolllH  ^m  tbe  Tynd.    °- 
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, Beealio,  onamphlboll(«,  P,  Becke,  Min.  pet,  HHt.,  vol.  4, 1RSa,p.  ffiS;  and  I.  A.  ImiNi,  Httth. 

Naturwhs.  Vcr,  StBlennark,  1892,  p.  32§.    Ippcn  describes  "normal  amphlbollla,"  and  also  KAlttipyroi. 
ans,  felds[>Br,  and  garnet  ampbltKUlte, 
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eERICITEZATION. 

Hie  conversion  of  feldspar  into  muBcovito  is  one  of  the  common- 
est processes  of  metamorphism,  whether  of  igneous  or  of  sedimentary 
rocks.  In  many  iostances  the  mica  produced  is  the  compact  or  fihrous 
variety  known  as  sericite,  which,  in  former  times,  was  generally  mis- 
taken for  talc.  The  so-called  talcose  schists  of  the  earlier  geologists 
have  proved  in  most  cases  to  be  not  talcose,  but  aericitic*  The  iden- 
tity of  sericite  with  muscovite  was  finally  estahhshed  by  H.  Laa- 
peyres  *  in  ISSO,  and  since  then  its  occurrence  has  been  repeatedly 
investigated.  The  alteration  is  most  conspicuous  in  regions  where 
the  dynamic  metamorphism  has  been  most  intense — ^high  tempera- 
ture, the  chemical  activity  of  water,  and  mechanical  stress  all  work- 
ing together  to  bring  it  about.  Any  feldspathic  rock  may  tmdergo 
sericitization,  but  orthoclase  rocks  furnish  the  most  typical  exam- 
pies.  The  derivation  of  sericitlc  schists  and  gneisses  from  granite, 
quartz  porphyry,  and  diabase,  and  also  from  arkose  and  clay  slate, 
has  been  repeatedly  observed.' 

Sericite  is  commonly  derived  from  orthoclase  or  microcline,  aa 
suggested  above,  but  may  be  generated  from  pls^oclase  feldspars 
also,  the  reactions  in  the  two  cases  being  different.  In  the  forma- 
tion of  muscovite  from  orthoclase  the  necessary  potassium  is  already 
present;  but  in  order  to  produce  muscovite  from  plagioclase  a  replace- 
ment of  sodium  by  extraneous  potassium  is  required.  In  either  esse 
the  reaction  which  takes  place  may  he  represented  by  more  than  one 
equation,  although  it  must  be  admitted  that  the  formulation  is  purely 
hypothetical.  Until  the  processes  shall  have  been  experimentally 
reproduced  the  equations  will  remain  doubtful. 

First,  orthoclase  may  be  transformed  to  muscovite  by  the  addition 
of  colloidal  alumina  equivalent  in  composition  to  diaspore,  thus: 

KAlSi.0,  +  2A10.0H=  KH^Si,Ou. 

This  reaction  is  very  simple  chemically,  but  geologically  improbable. 
It  requires  the  presence  of  solutions  containing  much  alumina,  and  it 
is  not  easy  to  see  whence  they  could  be  derived.  It  suggests,  how- 
ever, a  possible  relation  between  the  formation  of  sericite  and  the 
alteration  to  bauxite,  a  possibihty  which  deserves  further  investi- 
gation. 
I  bm  o.  H.  wnibou,  Bull.  u.  8.  oeoi.  avmr  No.  at,  ma,  pp.  ta-w,  lat  Uatanmi  detsiiB. 

I  Zettocht.  EiTSt.  UlD.,  vol.  4,  ISTR,  p.  34S. 

>  8m  J-  O.  Lahmaim,  nntetsuchuugeu  Qber  die  Entstehuug  der  allbystalllDlsdiea  8diMMg«9teliK, 
■Bgna.lSM;  A.Wlchniaiiii,VcrtiaDdl.Natiirbl5t.Ver.pr«U9S.Rbeliilaadaa.W«atta]ens,Tol.Sl,Ig77,p.l;  A. 
Ton  Oioddeck,  Neuce  Jdirb.,  BaU.  Band  2,  lgg3,  p.  72;  C.  Schmidt,  idem.  Bell.  Band  4, 19SS,  p.  t2S,  and 
C.  B4D*diito,  Bull.  Oaol.  lut,  Upaaia,  vol.  7, 1W4-6,  p.  £78.  In  lahib.  K.  pieuaa.  goal.  Landesuutalt, 
188G,pt  1, Von  OroddeckdncrltNS  the  dcrlTatlanoIserioltCBclililslromolay  elates. 
97270°— BuU.  616—16 38 
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A  second,  more  probable,  and  even  simpler  reaction  is  the  fi^owiog: 

3KAlSi,0g  +  H,0  =  KH^SijOu + K^O,  +  5SiO,. 

In  this  case  water  alone,  acting  on  orthoclase  at  a  high  temperature 
and  under  pressure,  forms  muscovite,  free  silica,  and  potassium  siifr- 
cate,  the  last  compound  being  leached  away.  The  liberated  silica 
may  be  partly  removed  in  solution,  or  it  can  reciyBtallize  as  quartz, 
a.  mineral  which  almost  invariably  accompanies  sehcite  in  meta- 
morphic  rocks.  Furthermore,  the  imslysGe  of  sericite  usuaDy  show  a 
small  excess  of  silica  over  that  contained  in  normal  muscovite.  A 
similar  reaction  with  albite  should  yield  the  soda  mica  paragonite. 

A  modified  form  of  the  last  reaction  is  in  common  use,  which  in- 
volves the  introduction  into  the  equation  of  carbonated  water,  as 
follows: 

3KAlSi,0g  +  H,0  +  CX)j  =  KH^^l^SisOu  +  K,CO,  +  6SiO,. 

In  this  case,  however,  the  potassium  carbonate  would  dissolve  one 
molecule  of  the  liberated  silica,  forming  potassium  silicate  as  before. 
The  COj  would  thus  be  set  free  again,  ready  to  assist  in  further  alter- 
ations of  feldspar.  Since  carbonated  waters,  both  of  meteoiic  and 
of  deep-seated  origin,  are  very  abundant,  it  is  quite  possible  that 
this  regenerative  process  is  really  in  operation.  If  so,  the  reaction 
should  be  more  vigorous  than  when  water  acts  alone.  The  frequent 
association  of  calcite  with  sericite  is  an  indication  that  carbonated 
solutions  have  helped  to  produce  the  change.'  If  the  alteration  took 
place  in  presence  of  both  albite  and  orthoclase,  the  potassium  siUcate 
would  probably  react  upon  the  former  mineral  or  upon  its  incipient 
decomposition  products,  so  that  muscovite  only,  without  paragonite, 
would  be  formed.  In  the  development  of  muscovite  from  plagio- 
clase  the  presence  of  potassium-bearing  solutions,  which  exchange 
alkalies  with  the  sodium  compounds,  must  be  assumed. 

OTHER  ALTERATIONS  OF  FBrJ>SPAR. 

Apart  from  the  phenomenon  of  sericitization,  the  plagioclase  feld- 
spars undergo  a  number  of  other  metasomatic  changes,  whose  records 
are  preserved  in  the  metamorphic  rocks.  Under  the  influence  of 
carbonated  waters  the  anorthite  molecule  may  be  decomposed,  with 
the  formation  of  calcite  and  the  separation  of  silica.  In  this  case  the 
albite  remains  as  a  finely  granular  aggr^ste,  the  so-called  "albite 
mosaic,"  which  outwardly  resembles  quartz  and  with  which  quartz 
is  commonly  associated.*    When  the  lime  of  the  anorthite  is  not  com- 

1  Oomptn  W.  Uadgran,  Tnuu,  Am.  Inst.  Uln.  Eng.,  Tnl.  30,  iwa,  p.  me,  bt  nteODoa  tc  the  BSaoOlUiDn 
wUholcHe. 
•  See  K.  A.  Losacn.JBlub.  IC.  pransi.  geol.  LandManstalt,  ISM,  pp.  dO-CaO.    Seeolm  O.E.WflltenH, 
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pletely  remoyed,  it  goes  to  f^rm  other  silicates,  such  as  epidote,  zois- 
ite,  or  actinolite.  The  latter  reactions  are  by  far  the  most  frequent. 
The  alteration  of  plagioclase  to  zoisite  is  exceedingly  common,  but 
it  is  rarely  complete.  As  a  rule  mixtures  of  zoisite  and  feldspar 
remain,  which  were  once  thought  to  represent  a  distinct  mineral  spe- 
cies and  to  which  the  name  saussurito  was  given.  The  mechanism  of 
the  change  is  obscure,  but  it  is  probably  a  double  decomposition 
between  the  albite  and  anorthite  molecules,  brought  about  by  the 
intervention  of  water.  The  feldspars,  however,  vary  in  composition; 
the  water  may  contain  other  reacting  substances  in  solution,  and  so 
the  reactions  are  complicated  in  many  ways.  The  following  equa- 
tion, which  is  plausible  but  not  proved,  represents  the  transforma- 
tion of  plagioclase  into  a  mixture  of  zoisite,  paragonite,  and  quartz, 
a  mixture  that  sometimes  occurs: 

NaAlSijO,  +  4CaAl^i,0,  +  2H,0  - 
Albite.  Anorthite.        Water. 

2Ca,HAl,Si,0„+H,NaAl,Si,Ou+2SiO,. 
Zoisite.  Par^^onite.  Quartz. 

When  orthoclase  molecules  are  present,  muscovite  will  be  formed; 
that  is,  aericitization  and  saussuritization  may  go  on  together.  With 
albite  in  excess,  the  saussurite  mixture  appears,  but  that  f^ain  is 
variable.  It  may  contain  epidote,  scapoUte,  or  garnet;  according 
to  A.  Cathrein,'  saussurite  is  sometimes  derived  from  garnet;  and  all 
of  these  minerak  may  undergo  complete  or  partial  alterations  into 
other  compounds. 

Saussuritic  rocks  have  been  described  by  many  petrographers, 
and  there  is  abundant  literature  covering  them.  F.  Becke  *  reports 
a  saussurite  gabbro  from  Greece,  consisting  of  saussurite  and  dial- 
iagQ,  the  latter  partly  altered  to  hornblende.  F.  Michael  *  describes 
another  saussurite  gabbro  from  Germany,  in  which  garnet  is  also 
present,  derived  from  diallage  and  partly  altered  to  serpentine. 
Another  saussurite  gabbro  from  Sturgeon  Falls,  Michigan,  was  care- 
fully studied  by  G.  H.  Williams.*  It  contained  saussurite  derived 
from  the  complete  alteration  of  plagioclase,  diallage,  hornblende 
partly  secondary,  and  a  little  ilmenite,  with  some  calcite,  quartz, 
and  a  colorless  chlorite.  By  further  alteration  this  rock  passes  into 
a  silvery  schist,  consisting  mainly  of  chlorite,  calcite,  and  secondary 
quartz,  but  with  some  feldspars  remaining,  partly  sericitized.  A 
rock  designated  as  a  zoisite-homblende  diorite,  from  the  Bradshaw 
Mountains,  Arizona,  described  by  T.  A,  Jaggar  and  C.  Palache,' 

iZ«lt9cIii.  Eryst.  UIo.,  vol.  10, 1SS6,  p.  444. 

•  Uln.  pet.  MItt.,TOl.  1, 1878,  p.  M7. 

•  Nnias  Jahrb.,  ISSl,  Band  1,  p.  33. 

*BoO.  U.  B.  Ocol.  Burray  ^o-  S3|  ISK,  pp.  67-78.  Anotbar  suisuiltlMd  gabbro  (ram  tha  Upper 
Qofnuaaec  Fslla  Is  described  on  pp.  102-lH.  On  pp.  SS-GO  WUUsmi  givca  a  ganenl  dbcusjlon  of  tills 
lOrmotaltvatlan.wlUibbtoricaldelslla.    S«e also  A.  Cathrein,  Zattschr.  Kryat.  UiD.,  vol.7, 18S3, p.  134. 

•Bndshew  Hoantalna  folio  (No.  12S),  aeol.  Atlaa  U.  B.,  U.  B.  Qaol.  Biirv^,  I90E,  pp.  4-fi. 
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contained  47  pea:  cent  of  zoiaite,  derived  from  pla^oclaae,  17  per 
cent  of  actinoBte,  and  smaller  amoimts  of  quartz,  oiihoclase,  albite, 
chlorite,  kaolin,  and  magnetite.  The  following  analyses  of  zoisito 
rocks  were  made  in  the  lahoratoiy  of  the  United  States  Geol<^c&l 
Surrey: 

Analfttt  ofioitUe  rod». 

A.  StnigMm  Falls  gibbro,  bwhot  farm. 

B.  Tb>  nma,  aKwad  fOnn. 

C.  aUvoyachbtdnivHlfnimBni^MnFalliEabbio,    Aii«]raMA,B,  and  City  B.B.Btgp. 

D.  Zofall^-homblcDda  ilii>Tl(«,  Braddiav  UoimtBlui.    AuiilyiilB  bj  Oenrga  SUIgnr. 


A 

B 

c 

D 

SiO 

51.46 
14.35 
3.90 

5.28 
9.64 
9.08 
2.92 
.24 
I    3.30 

38.05 
24.73 
5.65 
6.08 
1L58 
1.25 
2.54 
1.M 

45.70 
16.53 
4.63 
3,89 
9.67 
4.28 
.55 
3.82 
I    4.70 

3.18 

caiv;;.v";"::::"::::: ; 

Na,0               

H^ 

H0+               -          .  -  - 

.20 

.93 

5.95 

^d; ; :";■■""::;::": 

Trara 

100.27 

100.28 

«9.62 

100.34 

The  seiicitization  of  C  is  shown  by  the  loss  of  sodium  and  great 
increase  of  potassium.  The  Sturgeon  Falls  series  is  especially  in- 
structive as  illustrating  the  occurrence  of  several  alterations,  partly 
simultaneous  and  partly  successive,  in  the  same  rock  formation. 
Saussurite,  sericite,  and  uralite  are  all  represented. 

The  transformatifoi  of  plagioclase  into  scapoUte  is  by  no  means 
rare,  but  the  nature  of  the  process  is  not  alwa^  easy  to  trace.  Sc&p- 
olite  is  often  formed  by  contact  reactions  between  igneous  rocks  «md 
limestones,  as  well  as  by  processes  resembling  that  of  saussuritiza- 
tion.  For  the  latter  change,  which  is  tbe  one  to  be  properly  con- 
sidered now,  the  dassical  example  is  furnished  by  the  spotted  gabbro 
of  Oed^aarden.  In  this  case  a  plagioclase-pyroxene  rock  has  been 
altered  into  a  scapolit«-homblende  mixture,  a  rock  which,  according 
to  Fouqu€  and  L6vy,'  is  retransformed  on  fusion  into  pyroxene  and 
labradorite.  The  alteration,  then,  is  reversible  and  one  which  ought 
to  be  studied  quantitatively.  The  change  from  plagioclase  to  scapo- 
lite,  as  investigated  by  J,  W.  Judd,'  is  probably  due  to  the  action  of 

I  Boll.  8oc.  mlD.  .TOl.  S,  1879,  p.  113. 

•  IfiDOndag.  Uag.,vcd.g,188S,p.lSe.  8eeBl>aA.UlehaI-L4T7,Biil1.e(K.m[n.,T<>I.l,lgl8,pp.«3,m  A 
llmllar  rock  from  Baml*,  Norway,  containing  sphou,  ampMboIa,  and  wamertM,  li  olio  desorlbad.  Otbs 
DObnrorth;  manoln  on  tha  BcmdlnaTlou  rocks  of  tbls  doai  are  by  A.  E.  TOnubcihin  and  S.  Srtdmi^ 
QkiI.  TOrga.  FflttianCU.,  vol.  B,  ISm,  p.  Wi\  vol.  T,  1884,  p.  393. 

,.. I,, Google 
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sodium  chloride,  which  exists  in  solution  in  minute  inclusions  within 
the  original  rock.  It  must  be  noted,  however,  that  the  Oed^aarden 
gabbro  is  in  contact  with  veins  of  chlorapatite,  from  which  some  of 
the  chlorine  essential  to  the  formation  of  scapolite  may  have  been 
derived, 

In  any  case,  the  conversion  of  ^agioclase  to  scapolite  requires  the 
addition  of  new  material.  The  scapoUtee,  as  shown  by  G.  Tscher- 
mak,'  aw  mixtures  of  two  end  speciee — ^meionite,  Ca,Al,SijO„,  and 
marialite,  Na^AlgSijO^CJl.  These  may  be  derived  from  anorthite  and 
albite  in  accordance  with  the  following  empirical  equations: 

SCaAl^ijOg  +  CaO = Ca,Al,Si.O„. 
3NaAlSi,0,  +  NaCl  =  Na«AJ.Si,0„Cl. 

In  order  to  change  an  ordinary  plagioclase  into  an  ordinary  scapo- 
lite, then,  lime  and  sodium  chlorideouust  be  taken  up,  and  it  is  clear 
that  these  reagents  may  come  from  quite  dissimilar  sources.  The 
change  of  pyroxene  to  amphibole  may  furnish  the  lime  in  some  cases; 
apatite  may  yield  it,  with  chlorine,  in  others;  but  no  general  rule,  no 
exclusive  group  of  reactions,  can  be  postulated.  The  widely  different 
conditions  under  which  scapoUtization  may  take  place  have  been 
well  summarized  by  A.  Lacroix,'  whose  two  memoirs  upon  the  subject 
are  most  exhaustive. 

On  the  epidotization  of  plagioclase  feldspar  there  is  an  abundant 
literature.'  Since  epidote  and  zoisite  are  closely  analogous  in  chem- 
ical structure,  the  process  of  alteration  must  resemble  that  of  saus- 
Buritization,  from  which  it  differs  in  detail.  Epidote  contains  iron, 
typical  zoisite  does  not;  and  that  element  seems  commonly  to  be 
furnished  by  hornblende  or  pyroxene.  Feldspar,  augite,  hornblende, 
and  biotite  all  alter  into  epidote ;  and  so,  too,  in  some  cases  apparently 
does  chlorite.  The  derivation  of  epidote  from  chlorite  has  been 
observed  by  G.  F.  Becker  *  in  the  rocks  of  the  Comstock  lode,  and 
althou^  the  observation  is  questioned  by  some  authorities,  it  is 

>  Sm  tba  section  OD  scapolite  tn  Cbaptor  X,  p.  KM,  ant*. 

■  BulL  Boo.  min,,  vol.  13, 1SS9,  p.  S3;  vciL  14,  ISVl,  p.  16.  LacroiisCeta  that  mnurlts  gnebsiB  areyary 
acmmoa.  Lamiti  and  C.  Baret  (Idem,  vol.  10,  ISS7,  p.  IgS)  devrflra  a  wtrurlte  pjroxeoltc.  Winterlta. 
ttwlllberamembered,lsoDeoftIielnt<r[aadIateicapolltsB.  SeealuH.  WiiU,10n.p«t.  Hltt.,  vol  8,1887, 
p.  313,  on  a  Bcapalll«.aiiglte  gneiss  from  Hcrero  Land,  Ahrlcai  and  F.  Becka,  Idem,  vol.  4, 1gS2,  p.28S,cii 
alnillar  rocks  from  LamrAnatTla.  ScqialttaaiiiphniaUIesBTedceailMdbrO.  UO^Neius  Jahrb.,  Bell. 
Band  4,  ISiKI,  p.  StB,  from  Uasal  Land i  E.  Dathe,  lalirb.  E.  pnusa.  Keol.Landasaiutalt,  18§4,p.  lixTl,rrom 
Oermiuiy;  and  7.  D,  Adanu  and  A.  C.  Lawson,  Canadian  Beo.  ScL,  vol.  3, 18SS,  p.  18S,  from  Caiiada. 
Adams  and  Lavson  also  deiKTlba  two  soapollte  dltrltes.  The  acapollte  rocks  of  ncrthfm  New  3mty, 
brlaO;  desCTlbed  by  f .  L.  Nason  (Ana.  Rapt,  State  Qeologist,  1990,  p.  33),  occur  aa  ditee  In  crynaUIna 
limestone,  and  mayhava  been  fonnad  byoontact  metamorpitlsm.  C.  H.  Smyth  (Am.  lour.  SciL,4t]iMr., 
Tcd.  1, 18DS,  p.  zra),  has  dasirlbed  the  transfccmstkin  ot  a  gabbro  Into  a  gneiss  omCaluing  pyroiane,  hom- 
blvode,  fflldapar,  and  scapollt«. 

•  See  A.  Cathrehi,  ZalCsdu.  Kryat  Uln.,  vol.  T,  1883,  p.  34T;  A.  Scbenck,  VvbandL  Natorhlat  Vv. 
pnosi.  Ithetnlandgi].WalbleDS,  Tol.41, 1881,  p.S3;  and  O.  H.  Williams,  Boll.  U.  S.  a«(d.  Survey  No.  83, 
18B0,p.M,  for  sommarlca  of  the  earlkr  obBirvatlani. 

•Hon.  XT.  8.  OeoL  Survey,  vid.  3, 1882,  pp.  75,  TS,  313.  Qitldaad  by  Wllliuns,  bo.  dt.,  and  H.  Roeoi- 
bOidll,  Nana  Jalnb.,  1884,  Band  3,  Hef.,  p.  188. 
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not  disproved.  Chemically,  it  is  not  improbable;  but  usually  the  two 
Eoiuerals,  chlorite  and  epidote,  form  simultaneously  from  a  common 
parent.  In  the  rocks  of  Leadville,  W.  Cross '  found  epidote  derived 
from  orthoclase,  plagioclase,  biotite,  and  hornblende.  G,  H.  Wil- 
liams '  observed  its  formation  as  a  contact  rim  between  feldspar  and 
hornblende  in  the  gabbro-diorite  near  Baltimore,  and  F.  J>.  Chester' 
described  similar  occurrences  in  Delaware.  In  some  of  Chester's 
specimens  the  epidote  contained  cores  of  feldspar. 

Epidotization,  then,  represents  a  reaction  between  the  feldapare 
and  the  ferromagnesian  minerals  of  a  rock,  and  when  it  is  complete 
a  mixture  of  quartz  and  epidote  remains.  Such  a  rock  is  known  as 
epidosite,  and  its  formation  has  been  many  times  recorded.  J.  Lem- 
berg*  describe  an  alteration  of  this  kind  from  augite  porphyry; 
and  Schenck*  reports  the  derivation  of  epidosite  from  diabase. 
Unakite  is  a  remarkable  rock  consisting  of  rose-colored  orthoclase 
and  green  epidote,  first  described  by  F.  H.  Bradley  *  from  ^vestem 
North  Carolina.  It  has  since  been  fomid  near  Milams  Gap,  Virginia. 
According  to  W.  C.  Phalen,'  who  has  studied  this  locality,  the  una- 
kite is  derived  from  a  hypeisthene  akerite,  or  quartz-diallage  syenite, 
and  it  contains,  La  addition  to  the  two  principal  minerals,  some 
quartz,  iron  oxides,  zircon,  and  apatite.  It  passes  into  epidosite  by 
further  alteration.  Epidote-quartz  rocks  from  New  Jersey  have  also 
been  briefly  described  by  L.  G.  Westgate."  Here,  as  at  Milams  Gap, 
the  epidote  is  thought  to  be  derived  from  pyroxene. 

Garnet  is  a  common  mineral  of  the  metamorphic  rocks,  and  is  often 
indicated  in  their  nomenclature.  Garnet  gneiss,  gametr-mica  schist, 
garnet  hornfels,  and  gamet-oUvine  rock  aro  good  examples.  In 
these  rocks,  however,  garnet  is  commonly  an  accessory  mineral  ratJier 
than  a  main  constituent.  On  the  other  hand,  rocks  are  known  con- 
sisting chiefly  or  largely  of  garnet,  and  one  of  these,  eclogite,  has 
been  the  subject  of  many  investigations.* 

Eclogite  is  essentially  a  rock  composed  of  red  garnet,  with  a  green 
pyroxene,  omphacite.  It  may  also  contain,  subordinately,  horn- 
blende, quartz,  zoisite,  kyanite,  and  muscovite,  with  zircon,  apatite, 
ephene,  epidote,  magnetite,  pyrite,  and  pyrrhotite  as  minor  acces- 
sories.'*   According  to  J.  A.  Ippen,"  the  Styrian  eclogitea  shad©  into 


1  Ifon.  U.  S.  OeoL  Burrsr,  Td.  IZ,  ISSS,  pp.  341, 3G7. 

•  BdU.  U.  S,  Oml.  Burv<7  No.  28, 1(*8«.  p.  31. 

■  Ball.  U.  8.  0*01.  SuTTsy  No.  sg,  law,  p.  35. 

•  Zettsclir.  Dnitscli.  iteol.  OaMlL,  vol.  »,  1S77,  p.  US. 

•  VwhandL  NBlinhbt.  Vcr.  prous.  Rtwlntende  u.  Westtalsis,  Tcd.  41,  ISM,  p.  S3. 

•  Am.  Joui.  So!.,  3d  Bcr. ,  vol.  7, 1374,  p.  G18. 
'  Hbc.  Coll.  Bmlttuonlan  Inst.,  Quart.  Issue,  voL  1,  IWH,  p.  301, 

•  Ann,  Kept,  Btata  Ocok^lat  Niw  Itratj,  ISK,  p.  30. 

■  Bea  Zirkel'a  Lahrbucli  der  Patrograplile,  2d  >d.,  vol.  3,  p.  3N,  for  nun 
Lohnumi  and  Hbom',  dted  on  tlu  next  psffe,  also  contatn  blbllographlaa. 

"  See  n.  von  Diasche,  JBbrb.  K,-k.  eeot.  Rslchuustalt,  ISTl,  Uln.  Utit.,  p.  ffi,  and  E.  B.  Rtag,  UfD.  pi 
Wtt..  ToL  1, 1S7S,  pp.  IK,  in. 
u  Uln.  Naturwlss.  V«r.  Steltrmuk,  isaa,  p.  323. 
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omphacite  rock  on  one  side  and  into  g&met  rock  on  the  other;  that 
is,  either  mineral  may  predominate  and  give  ite  own  character  to 
the  mixture.  The  eclogitoa  of  the  lower  Loire,  according  to  A. 
Lacroix,'  sometimes  contain  feldspar  formed  as  a  secondary  mineral 
during  the  uralitization  of  highly  aluminous  pyioxenes.  Lacroix 
shows  that  these  rocks  are  products  of  dynamometfuuorphism.  The 
cn^hing  and  fracturing  of  the  original  rocks  has  facilitated  the  cir- 
culation of  the  waters  to  which  their  alterations  are  due. 

L.  Hezner,'  who  studied  eclogite  from  the  Oetzthal,  in  the  Tyrolese 
Alps,  regards  it  as  a  metamorphic  derivative  of  gabbroid  roclra.  By 
further  metamorphosis  it  passes  into  amphiboUte,  the  eclogite  being 
the  deeper-seated  phase.  The  garnet,  he  thinks,  was  formed  by  a 
reaction  between  plagioclase  and  olivine,  or  perhaps  between  plagio- 
clase  and  pyroxene.  The  omphacite  alters  into  hornblende,  and  so, 
too,  does  the  garnet,  but  later.  First  eclogite,  then  garnet  amphib- 
olite,  then  amphiboUte,  is  the  order  of  these  allied  rocks.  Flagio- 
dase  also  appears,  as  observed  by  Lacroix,  among  the  products  of 
alteration,  together  with  epidote,  chlorite,  magnetite,  zoisite,  and 
biotite. 

The  following  analyses  of  epidote  and  garnet  rocks  are  from  the 
memoirs  already  cited: 

Analyaa  of  e'pidoU  andganut  Tock». 

A,B.  Elildarit«ds1r«d[ronidiBl)ase,upperICutirtlisl,aaiiuuiy.  Anal^ud md dtnalbcdb; SduDSk. 
O.  Unaklte,  llllun'a  Okp,  VlrglDia.    Aaalysls  ty  Phalen. , 

D.  EdoctM,  Bnlillul,  Stfria. 

E.  E<)oglt>,  Borgitalii,  Btyrio.    Aoeiynt  J>  and  E  hj  Saxnar. 


»:•.■ 
S.v.v 

Na,0... 

H,0-.. 
Hi,0+.. 
TO),.... 
ZrO,.... 


42.13 

19.21 
11.19 

2.52 


50. 2e 

13.72 
9.18 
2.97 
2.20 

16.30 
.71 
1.12 


9.9e 
7.19 
11.66 


46.26 
14.45 

4.41 
5.82 
11.99 

11.  «6 


101.37     100.59      99.98     100.23 


CI  Not  seporaUd  from  alumina. 

I  BolL  Soe.  sd.  nat.  da  I'Ouest  da  la  Fnncc,  vol.  1,1891.  p.  SI. 

tICtn.pet.Uitt.,vol.  23, 1903, pp.  437,506.  geealsoE.Joukowskj'.Campt.  aaid.,Tal.I3S,lKll,p.13IS, 
malUntlonaoIflidagllcfroin  Lac  Coma.  Other  valuable  papers  upoD  eclogite  aial)?  P.  Lobinaiui,  Nauca 
Jahrb.,l£84,BHidl,p.S3;  and  F.BeDka,Uln.pet.U[tt.,vol.t,lSS2,pp.317-323.  Eclogltaa Iroin Oalifoniht 
bare  beoi  daM-Ibed  b;  R.  B.  Eolny,  laar.  Oeology,  vol.  U,  1S04,  p.  844,  and  J.  F.  aiDiSb,  FIDO.  Am. 
Philoa.  Soo.,  ToL  45,  Itoe,  p.  1S3. 
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CHIiORmZATION. 

In  chloritization  we  find  a  stage  of  metamorphism  i^cb  is  neaily 
akin  to  decomposition.  Any  ferromf^esian  mineral  may  alter  into 
chloritic  material,  and  that,  by  further  change,  may  break  down  into 
a  mixture  of  carbonates,  limonite,  and  quartz.  The  gabbro9  of  Michi- 
gan, described  by  G.  H.  WiUiama,'  show  clearly  the  succeasiye  steps 
of  uralitization  and  chloritization,  the  final  product  oft«n  being  a 
chloritic  schist.  Diabase  and  diorite  are  often  chloritized,  gaining 
thereby  the  green  color  to  which  the  common  appellation  "green- 
stone" is  due.  In  diabase  the  chloritic  substance  is  commonly 
derived  from  augite,  calcite  and  quartz  being  formed  at  the  same  time. 
The  alumina  needed  to  produce  the  chlorite  is  probably  furnished  by 
feldspar.*  Under  anhydrous  conditions,  as  we  have  already  seen, 
a  reaction  between  feldspars  and  ferromagnesian  minerals  yields 
garnet;  possibly  the  formation  of  chlorite  is  similar,  but  effected  in 
presence  of  water.  The  alterability  of  garnet  into  chlorite  emphB" 
sizes  t^iis  suggestion. 

The  chlorites  developed  in  rocks  of  igneous  origin  are  rarely  d^nito 
species.  They  are,  as  a  rule,  variable  mixtures,  of  which  many  have 
received  specific  names.  Diabantite  and  prochlorite,  both  ferrifer- 
ous, are  perhaps  the  most  common.  Because  of  this  vagueness, 
Rosenbusch  prefers  to  use  the  collective  term  "chloritic  sul»tance" 
in  describing  the  products  of  this  class.  The  general  names  "viri- 
dite"  and  "chloropite"  have  also  been  proposed;  the  one  by  H. 
Vogdsang,  the  other  by  C.  W.  Gfimbel. 

CON8T1T  UTIONAL  FOBMtTXi^. 

Although  it  is  not  yet  possible  to  write  positive  reactions  for  all 
of  the  alterations  that  we  have  so  far  been  considering,  some  of  them 
are  partly  elucidated  by  the  structural  formulie  of  several  minerals. 
A  number  of  these  species  are  curiously  alike  in  constitution,  and  with 
them  other  minerals,  not  specifically  studied  in  this  chapter,  may 
also  be  compared.  Taking  the  tripled  fommlte  of  orthoclaae  and 
albite,  which  are  su^ested  by  the  alteration  of  albite  into  mariaUte, 
the  following  system  of  formulte  can  be  developed:* 

Orlhoclase AVSi»C^)»K;. 

Albite Al,(SiA)iNa». 

Marialite Alj(Si,0,),N»4(Aia). 

Nephelite Al.CSiOANa,. 

Pawigonite Al,(SiOJ,NaH,. 

MuBcovite. AI,(SiO,),KHj. 

I  BolL  U.  8.  Oeol.  Sorrey  No.  62, 1890. 

•  SMO.W.B>wa,Aiii.  J<HU.Scl.,Sdnr.,v<il.g,IB7S,pP'ltO,Ul.  Abo  A.Sdwck,  ValndL  Nitm^ 
bbt.  Var.  pTMUi.  BhelDluiila  □.  WtEtblmi,  vol.  41,  ISM,  p.  U.  Chlorltliatlim  ii  lollr  illwiiifil  br  Boan* 
bmcb  In  bli  UDcrcakaplscha  Phyalognphls  ds-  nastigm  Oast«bu,  3d  ad.,  vol.  3,  pp.  ISKIU. 

•Sm  T.  W.  CaukB,  Boll.  U.  a.  0«aL  SuiTsr  No.  588,  IBU,  for  an  axUodad  dl 
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TopM Al,(SiOJ,(AlF^. 

And&lusite Al,(Si04),(A10),. 

Biolito Al,CSiO,),Mg^. 

Qamet AWSiO,),C«,. 

IWuiite AVSiOJiCa^,. 

ZwMte AW8iOj),Ca^A10H). 

Epidote  reeembleB  zoisite,  but  with  iron  partly  replacii^;  alununum, 
and  similar  replacements  occur  in  the  garnet  group. 

These  formulte,  however,  are  neither  absolute  nor  final.  They 
represent  definite  relations,  and  also  the  minin'i'm  molecular  weights 
assignable  to  the  several  minerals,  the  true  molecular  weights  being 
unlcnown  and  at  present  undeterminable.  It  is  probable  that  some 
of  the  formulte  should  be  doubled,  and  when  that  is  done  some  strik- 
ing new  relations  appear.  This  is  shown  in  the  following  group  of 
stmctiu'al  expressions : 

^iO,=Al,=SiO,v  ^iO,sU,=SiO.^ 

AI— SiO^Al,=SiO,— Al  Al— SiO,=Ca^SiO^Al 

^SiO^sCa^SiO/  ^iO^Ca^SiO/^ 

Anorthite.  Garnet. 

ySiO^Ca^iO.-,  ySiO,=Al^SiO«^ 

Al-SiO^Ca^SiO,— Al  AI— SiO,^a,sSiO«— Al 

^iO^Ca^Sio/  "^SiO^Ca— Sio/ 

A16h  AlOH 

Zoiflito. 

ySiO^Ca^SiO^  ySiO^Al,=SiO^ 

Al— SiO^Ca^iO,— Al  Al— SiO^Al,=SiO.— Al 

\siO,— Ca— SiO,/  \siO,--Ca,=Sio/ 

AIOH         AiAh  Ca — O — Ca 

VesuTianite.  Meionite. 

In  the  first  group  of  f ormulie  the  fundamental  nucleus,  which  occurs 
in  all  of  them,'  is  Al(SiO,),.  In  the  second  group  it  is  AI,{SiOj)„  or 
double  the  other.  The  two  sets  are  identical  in  type,  end  with  their 
aid  the  observed  alterations  become  intelligible.  One  species  changes 
into  another  by  replacements  of  atoms,  the  typical  structures — the 
nuclei,  so  to  speak — remaining  undisturbed.  When  the  trisiUcate 
feldspars  alter  into  orthosilicates,  silica  is  liberated;  but  the  other 
changes  are  simpler.  For  example,  nepbelite,  topaz,  and  andalusite 
all  change  easily  into  muscovite;  members  of  the  garnet  group  can 
form  epidote,  biotite,  or  the  normal  chlorites,  and  so  on.    Fyroxenea 

1  I£an  pnpmty  tbe  prtDdpal  ODDEtlnunt  ol  Um  mixed  ciTiUlg  known  u  gehtaolta. 
*  Em^  tin  MUUoMBMclipu*  ta  vhloh  tlia  iiaap  BV>|  la  sqnfnlBDt  to  810« 
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and  amphiboles,  however,  are  compounds  of  different  structure  from 
those  given  in  the  foregoing  table,  and  the  mechanism  of  their  alter- 
ations  is  not  so  dear.  Some  of  the  phenomena  are  easily  understood; 
others  still  await  interpretation.  It  is  possihle  to  write  empirical 
equations  in  all  cases,  but  they  have  slender  value,  A  correlation 
between  molecular  constitution  and  the  observed  changes  must  be 
established  before  the  chemistry  of  metamorphiHm  can  be  completely 
described. 

taja;  and  serpentine. 

When  distinctively  magneeian  silicates  undergo  hydrous  meta- 
morphism,  which  happens  chiefly  in  the  belt  of  weathering,  the 
product  is  hkely  to  he  either  talc  or  serpentine.^  Other  hydrous  sih- 
cates  may  be  formed  also,  together  with  carbonates  and  the  hydrox- 
ide, brucite;  but  the  two  species  just  named  are  the  most  important. 
I  speak  now,  of  course,  with  reference  to  alterations  in  place;  such 
a  rock  as  dolomite  falls  in  quite  another  category. 

A  typical  production  of  serpentine  is  from  rocks  containing  ohvine; 
and  the  probable  reaction  is  as  follows: 

2Mg^iO,  +  2H,0  +  CO,  =  Mg,H,Si,0,  +  MgCO,. 
Olivine.  Serpen  tine.        Magnemto, 

Peridotites  are  especially  liable  to  this  sort  of  alteration,  and 
many  serpentine  rocks  can  be  assigned  this  origin.'  The  well-known 
lizard  serpentina  of  Cornwall,  for  instance,  has  been  shown  by 
T.  Q,  Bonney  '  to  be  an  altered  Iherzolite. 

Pyroxenes,  also,  are  often  converted  into  serpentine.  The  equa- 
tion, in  the  case  of  diopside,  is  perhaps  as  follows: 

3MgCaSi,0. + 3C0,  +  2H,0  =  1% JI,Si,0,  +  3CaCO,  +  4SiO,. 
Diopside.  Serpentine.        Calcite.        Quarts. 

This  reaction  is  sustained  by  the  fact  that  serpentine  rocks  often 
contain  quartz  and  calcito.  When  serpentine  is  formed  from  gabhro 
or  pyroxenite  the  change  is  probably  of  this  kind,  although  it  may 
have  been  preceded  by  uralitization  of  the  pyroxene.  Serpentines 
derived  from  amphibolitea  have  been  repeatedly  described.' 

1  AcoanlbigloO.F.UeTTaifneol.  Uiig.,lgCKI,p,3i4)  tha  tonnatfam  ofiarpiiiitlne  m  a  rock  li  ■  awp  awlrt 
pnoeas.  Tbls  conraptkin,  hawevei,  dcea  Dot  precludn  tbe  genBiaCkin  of  d^smlnalol  BupaatlDB,  newM 
not  as  a  rock  bat  as  ft  mlfforal  spMkiflj  wLtlibitinbeltof  TealhcriDg. 

<  See  F.  Seodbe^nr.  Neues  lahrb.,  1S66,  p.  3SS;  Idem,  1M7,  p.  ITS;  Q.  TKhemuk,  Sltnuml).  C.  Ak>d. 

Win.  Wfen,  vol. se,  IM7, p. 261; E.  Welnscbenk,  Abbandl.  K.  baper.  Akad., Uath.-phyi. ■" ,— ■  ". 

p.  est;  J.  Lembarg,  Zcltschr.  Deatsch.  geol.  OesBll.,  vol.  27, 1S7S,  p.  531;  B.  Welgand,  Jttub.  E.-k.  ged. 
Beichsamtslt,  1G7S,  Uln.  Ultt.,  p.  1S3.  F.  Zirkel  (Lehrbuch  dor  Petrogiaiihlo,  3d  ed.,  toL  3,  p.  m) 
(trea  anenenslvB  bibliograpby  ofMrpentlne. 

•  Quart.  Jour.  Oeol.  Soc.,  vol.  33, 1S77,  p.  SM. 

<B.  K.EDUirson(lfaa.U.S.  Oe(>l.Survef,voL»,I»8,p.  114)ualgD9thl9arlstntDtliaaerpeatliHaa(ttii 
CooiHOtlcnt  Valle;.  AnAustraliaiianiphlbolllaeerpeiitllieliwabobwndnorilMdbj  J,B.I*qiMt,B«l 
OmL  Snrve;  Maw  Baatb  W>1m,  vOL  S,  IBM-im,  p.  31. 
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In  abort,  Berpeutiue  may  be  formed  from  any  silicate  which  hap- 
pens to  be  rich  in  magnesia,  such  as  olivine,  pyroxene,  amphibole, 
garnet,'  or  chondrodite.'  It  also  appears  to  be  produced  by  the 
action  of  percolating  magnesian  waters  upon  nonmagnesian  minerals, 
such  as  feldspars,  and  possibly,  even,  quartz.*  J.  Lemberg  *  has 
shown  tliat  solutions  of  magnesium  carbonate  will  attack  oligoclase, 
replacing  sodium  by  magnesium  to  a  considerable  extent;  but  alter- 
ations of  this  sort  are  not  very  common.  Uany  reported  changes  of 
minerals  to  talc  or  serpentine  have  been  erroneous,  for  compact  mus- 
coyite  is  easily  mistaken  for  them.  A  pseudomorphous  mineral 
should  be  called  serpentine  or  steatite  only  after  thorough  chemical 
and  optical  examination.  The  mere  fact  that  a  mineral  is  green, 
Boft,  compact,  and  soapy  to  the  touch  is  not  enough  to  establish  its 
character. 

In  many  localities  serpentine  is  associated  with  dolomite  or  dolo- 
mitic  limestone.  In  these  cases  the  mineral  has  been  derived  from 
magneeian  silicates,  which  were  first  formed  within  the  limestone  by 
metamorphic  processes.  In  the  limestones  of  Westchester  County, 
New  York,  according  to  J.  D.  Dana,*  the  parent  minerals  were  tremo* 
lite  or  actinolite.  It  is  possible  also  tbat  some  dolomite  itself  may 
have  become  silicated,  yielding  serpentine  by  alteration  of  the  com- 
pounds thus  formed.  Similar  views  are  advanced  by  S.  F.  Emmons  * 
with  reference  to  serpentines  foimd  near  Leadville,  Colorado.  The 
serpentine  of  Montville,  New  Jersey,  which  is  also  in  dolomite,  was 
shown  by  G.  P.  Merrill  ^  to  be  derived  from  pyroxene,  and  the  same 
conclusion  was  reached  regarding  the  opbiolite  or  ophicalcite  of 
Warren  County,  New  Tork.*  The  " VOTde-antique "  marbles  are 
familiar  illustrations  of  this  commingling  of  carbonates  with  serpen- 
tine. A  quite  different  blending  of  serpentine  with  other  minerals  is 
that  described  by  me  from  Stephens  County,  Washington.'  This  mix- 
ture was  apparently  a  normal  serpentine;  but  upon  analysis  it  was 
found  to  contain  only  20  per  cent  of  that  species,  with  60  per  cent  of 
brucite,  14  per  cent  of  chlorite,  and  5  per  cent  of  hydromagnesite. 
Ite  origin,  so  far  as  I  am  aware,  has  not  been  determined. 

In  the  quicksilver  region  of  California  G.  F.  Becker  '"  fomid  ser- 
pentines which  had  been  decomposed  by  solfataric  agencies  until 
only  the  silica  remained.     Similar  reductions  of  serpentine  to  opal, 

1  Sm  a.  Sohraur,  ZaKschr.  KrTSt.  Um.,  vol.  fl,  1882,  p.  Xa. 

■a»I.  n.  Dana,  Am.  Joui.  ScL,  3d  ser.,  vol.  8, 18T4,  p.  371,  on  serpentine  psaudsmtxplia  Imm  UieTUI; 
PoaUrnlMs. 

•  Sm  O.  7.  Becker,  Moo.  U.  8.  OmL  8\tnej,  voL  13, 1888,  pp.  108-128, 

t  ZalttdiT.  BmtadL  geoL  OeHlL,  vcd.  22.  ItOO,  p.  3U;  Tcd.  24,  ISO,  p.  2U. 

•  Aid.  lour.  BcL,  M  >er.,  toL  20, 1S80,  p.  30. 

<  Hon.  V.  B.  Oeol  Survey,  voL  12, 1888,  p.  2ffl. 
>  Ptoo.  U.  8.  Stt.  llns.,  toL  11, 1888,  p.  lOi, 

•  Am.  Jour.  Sd.,  3d  aer.,  vol  20, 1880,  p.  30. 

•  Boll.  D.  S.  Oed.  Sottb;  No.  202, 1905,  p.  00. 
»  Moo.  U.  8.0*61  SOTTey.ToLra,  1888,  p.  127. 
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chalcedony,  and  quartz  have  been  recorded  by  A.  Locroix.'  The 
acida  of  Tolcanic  fumarolea  had  removed  the  bases  of  ihe  serpentine 
in  the  form  of  soluble  sulphates. 

From  what  has  been  said  so  far  it  is  evident  that  serpentine  origi- 
nates  in  various  different  ways.  Some  serpentine  is  merely  altered 
peridotite,  pyroxenite,  or  gabbro;  and  some  of  it  is  derived  from 
dolomite  or  other  sedimentary  rocks.  Indeed,  the  sedimentary  orig^ 
of  serpentine  has  had  many  strong  advocates,  the  chief  among  them 
having  been  the  late  T.  Sterry  Hunt.*  L.  Dieulf^ut  *  also  has  argued 
that  the  serpentines  of  Corsica  are  true  sedimentary  rocks.  There  is, 
in  factj  no  valid  reason  why  sihceous  magnesion  sediments,  precipi- 
tated or  detrital,  should  not  form  beds  of  serpentine;  but  the  rock  is 
commonly  s  metamorphosed  eruptive,  or  else  the  result  of  a  sec- 
ondary metamorphism  of  siliceous  limestones.  In  both  of  theae  gen- 
erally recognized  modes  of  formation  the  chemical  processes  are  the 
same.  The  same  magnesian  silicates  are  altered  in  the  same  way 
irrespective  of  their  igneous,  metamorphic,  or  sedimentary  origin. 

Seo^entine  is  a  basic  orthosilicate,  talc  an  acid  metasiUcate.  The 
former  alters  easily,  and  is  readily  decomposed;  the  latter  is  one  of 
the  least  alterable  and  therefore  among  the  most  stable,  under 
aqueous  conditions,  of  mineral  species.  Both  minerals  are  decom- 
posed by  heat,  but  differently.  Serpentine  breaks  up  into  enstatite 
and  olivine;  talc  into  enstatite  or  anthophyllite  end  quartz,  water 
being  eliminated  in  both  cases.  These  decompositions  may  be 
written  thus; 

MgaH^ijO, = Mg^SiO^ + MgSiO, + 2H,0. 
Mg3^i.0u = SSIgSiO, + SiOj  +  HjO. 

Talc,  like  serpentine,  may  originate  in  different  ways;  but  its  com- 
monest derivation  seems  to  be  by  the  alteration  of  amphibolea  or 
pyroxenes.  C.  H.  Smyth,*  who  studied  the  talc  of  St.  Lawrence 
County,  New  York,  found  it  to  be  derived  in  that  re^on  from  enstatite 
and  tremotite,  according  to  the  following  reactions: 

4MgSiO,  +  H,0  +  CO,  -  MgJI,Si.O„ + MgOO,. 
MgjCaSi,Oo + H,0  +  COj  -  M&H^Ou + CaCO.. 

These  reactions  are  much  alike,  and  resemble  those  which  are  rew^- 
nized  in  the  formation  of  serpentine.  In  fact,  many  serpentines 
contain  admixtures  of  talc,  and  when  the  orig^al  rocks  are  at  all 

I  Compt  Bcod.,  voL  IM,  ISST,  p.  EI3. 

■  Mtiwral  [difskikiET  u>d  pbyslographri  1S86,  pp.  IM-flS.   Buntcltaa  » tvga  unoiint  utavldtneelniBt 
Itollaa  BoorcsB. 
•  Compt.  Rmd.,  red.  01,  ISSO,  p.  1000. 
<  SctMMil  orMliHB  Qnatt.,  vol.  17, 18»«,  p.  339. 
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almnjnous,  chlorites  also  may  appear.  Soapstone  or  steatite  is 
impure,  massive  talc. 

According  to  Smyth,  the  St.  Lawrence  County  talc  is  found  asso- 
ciated with  aystalline  limestones.  J.  H.  Pratt '  fotmd  the  deposits 
of  North  Car(jina  to  be  in  connection  with  marble,  and  capped  by 
quartdte.  In  the  same  region  pyrophyllite  occurs,  a  hydrous  sili- 
cate of  aluminum,  HAlSijO,,  which  much  resembles  talc  and  may 
be  mistaken  for  it.  The  ttlc  itself  appeared  to  be  derived  from 
iremolite.  Smyth  assumes  that  a  siliceous  limestone  was  first  laid 
down,  which  became,  by  metamorphism,  a  tremolite-enstatite  schist. 
The  latter,  by  hydration,  became  talc.  This,  however,  is  not  the 
only  way  in  whidi  steatite  has  been  formed.  A.  Gurlt '  reports  its 
formation  from  dolomite  along  contacts  with  amphibolite;  and  C.  H. 
Hitchcock '  r^ards  the  steatites  of  New  Hampshire  as  alterations 
of  what  was  originally  igneous  matter.  The  talc  of  Mautem  in 
Styria  is  traced  by  K.  A.  Redhch  and  F.  Comu*  to  the  action  of 
magnesian  solutions  upon  the  surrounding  schists.  Pseudomorphs 
of  talc  after  many  minerals  have  been  described,  but  not  all  of  the 
reports  are  authentic.  The  warning  given  under  serpentine  may  well 
be  recalled  here.  Pseudomorphs  of  talc  after  quartz,  however,  seem 
to  be  well  known.'  Much  work  needs  to  be  done  in  order  to  deter^ 
mine  the  origin  oi  soapstone  generally. 

The  following  analyses  represent  talcose  and  serpentinous  rocka 
of  varied  characters. 


North  CaTDllD&  Geol.  Barrtj,  Econ.  Papier  No.  3,  IVOO. 

Sition^b,  NI«dOTbelD.  GaialL  Natur  u.  HBlUcuDde,  Bonn,  tabS.p.  US, 

Joor.  Geology,  vol.  4, 1896,  p.  G8. 

Ztttadta.  prakt.  Oaalogle,  Ul»,p.  US. 

'      '      '    ZeUa<^.Er7St.UIi].,vcil.  ll,U8S.p.3DG. 
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Awilysa  of  talco$e  and  terpentinoM  rodt. 

A.  Duk>«reai  serpaitlne,  Rowa,  Muaadmsctta.  DMcrfbsd  I17  B.  K.  Emaixai  In  Man.  V.  S.  OcoL 
Surver,  vol.  39,1898.    Analysis  li;  O.  Stelger. 

B.  SarpsitlDB.areaiiTme,  CalilomlB.  Descrnied  by  J.  B.  DlIlarlD  Bull.  U.  B.  G«il.  Bnrrsy  No.  ISO,  ISM, 
p.  372.    Da-lTBd  mainly  Irom  pyroiena.    Analysla  by  W.  H.  MelylllB. 

C.  Sarpsntlne,  Sulphur  Bank,  CaiUomla.  DncillMdby  a.  F.  Beckcc  In  Mon.U.  8.  Gaol.  Bmrqy.TaL 
IS.ISSB,    Aoolysb  by  UelvUla. 

D.  S«rpent<neda1r«dfnnapyTaTanlts,UountDlBihla,C>Ufc>riila.  Analynd and descrRMd by HctrlDg, 
Bull.  On!.  Soc.  Amerlcs,  vol.  Z,  1890,  p.  403. 

E.  SirpaitliiDiu  rock  of  unusual  coiapodtloa;  also  Irom  Uount  DUblo.  Analyud  and  dcsolbed  by 
Ualvme,loc.clt. 

F.  "OvautODe"  Irom  Canton  Valals,  BwlUarlmid.  Dcocrlbad  by  T.  0.  Bnmey  COeoL  Mag.,  UST,  p. 
tlO)  aiB  ::ta£i  Id  tbe  alMretlon  ol  serpentine.  Tbaoilglnal  rock  waa  p«rliBpi  a  basalt  01  doltrita.  Anslysb 
by  Emily  Aston. 

G.  Bmoite  sspaitlne,  Sterou  County,  •w..i.iTipnn  Daaarlbnl  by  F.  W.  Oarke,  BdIL  C  B.  OaoL 
Surrey  Ko.  363,  IMS,  p.  G9.   Analysis  by  G .  Stelgec. 

H.  Steatite,  QrtqaelBud  West,  Soutli  Afrtoa.  Desolbod  by  E.Cdivi,  Neoea  Jahrb.,18n,BaMl,p. 
119.   Analysis  by  Van  Eiraen. 
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The  pres^ice  of  chromium  and  mckel  in  sereral  of  these  rocks  is  & 
good  indication  of  a  relationship  with  the  pyroxenito  and  perido- 
tites,  Chromite  and  nickel  ores  are  very  geaerallj  associated  yiiik 
these  m^nosian  eruptives. 

QUARTZITE. 

The  processes  which  operate  in  the  metamorphism  of  sedimentaiy 
rocks  are  partly  identical  with  those  which  we  have  just  been  conmd- 
ering.  This  fact  has  aheadj  been  indicated  in  several  connedjons. 
A  shale,  or  sandstone,  contains  fragments  of  minerals,  usuaUj  more  or 
less  weathered,  and  these  undei^o  the  normal  changes.  Feldspar 
becomes  sericite,  hornblende  alters  to  chlorite,  and  so  on,  exactly  as 
in  the  metamorphoses  of  igneous  material.    The  substances  tweeted 
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are  the  same,  and  so  are  the  reactions.  The  formation  of  serpentine 
from  pyroxene,  for  example,  is,  as  I  have  already  said,  the  same 
process,  whether  it  is  effected  upon  the  pyroxene  of  a  gahhro  or  upon 
the  pyroxene  de7eloped  by  contact  metamorphism  in  a  crystaUine 
limestone. 

There  is,  however,  another  set  of  changes  which  are  peculiar  to  the 
sedimentaries.  These  rocks  contain  decomposition  products,  such  as 
kaolinitc,  hydroxides  of  aluminiim  and  iron,  etc.,  which  give  rise  to  a 
difiFereat  group  of  reactions,  and  these  generate  another  class  of  min- 
eral species.  Kyanite,  andalusite,  siUimanJte,  staurohte,  and  dmnor- 
tierite  are  among  the  minerals  thus  developed  in  schists  which  once 
were  shales.  These  minerals,  again,  can  alter  into  mica,  so  that  a 
mica  schist  may  represent  the  outcome  of  a  series  of  transformations, 
the  intermediate  products  having  disappeared. 

Just  as  the  sedimentary  rocks  shade  into  one  another,  so,  too,  do 
their  metwnorphio  derivatives,  but  with  even  greater  complexity. 
For  the  metamorphosed  rocks  contain  not  only  the  original  minerals 
of  the  sediments,  but  also  the  new  products  formed  by  alteration. 
Perhaps  the  simplest  of  these  changes  is  that  of  a  sandstone  into  a 
quartzite,  which,  in  the  first  instance,  is  brought  about  by  infiltration 
of  silica.  In  this  way  the  interstices  of  the  sandstone  are  filled  up 
and  a  porous  rock  is  transformed  into  a  compact  one.  But  as  sand- 
stones are  not  aU  sand,  so  quart^ites  are  not  all  silica.  A  micaceous 
sandstone  yields  a  micaceous  quartzite;  a  feldspathic  sandstone  may 
form  either  an  arkose  gneiss,  or  by  sericitization  it  can  become  a  mica 
Bchist;  and  between  these  different  rocks  there  are  all  manner  of 
gradations.  These  changes,  moreover,  are  often  comphcated  by 
structural  modifications  due  to  dynamic  agencies;  so  that  from  sim- 
ilar sandstones  very  different  rocks  can  be  derived.  In  some  cases 
the  natiu*  and  order  of  the  changes  can  be  traced;  in  others  they 
seem  to  be  hopelessly  obscure.' 

The  following  analyses  of  quartzite  and  quartz  schist  are  useful  for 
comparison  with  the  analyses  of  sandstones  given  in  the  preceding 
chapter: 

1  f  M  a  Cull  dlsciualon  relative  to  ttie  lomuitlaii  ot  qnartilte,  see  C.  R.  Vaa  HIsa,  A  treatbe  on  metamoi- 
phlnn:  Uon.  U.S.  0eol.Surve;,Ttl.4T,18M,pp.8as-9a).  Seaalso  R.  D, Irving, Bull. U.S.  Oeal. Surrey 
Mo.  S,  ISM,  p.  48;  Am.  lour.  BeI.,3dnr.,Tal.  35,1883,  p.  401.  Imporlsntpepen  on  tbesubfeot  have  been 
wilttsn  b;  C.  Uieaen.  Zeltsclu.  Deutwsh.  gcol.  OoelL,  vol.  IV,  IWT,  p.  BIS,  utd  W.  J.  SollM,  Sol  Ptdo.  Ro;, 
Dublin  Soc.,  vol.  7, 1802,  p.  IW. 
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ArialyKt  of  quarteiu  and  quarts  ad>i*t. 

A.  Duk  vltmHU  qturtilte,  PigtoQ  Point,  UlnDootB.  ContiiIii!qiiarti,w)th  Kllttlcttlibpu',clil(irtts, 
mlea,  and  magnetite.  DfMribedbr  W.  B.  BBrlcr.  BnU.  U.  S.  0«al.  fiumr  No.  iw.im.  Ai»);Aby 
B.  B.  Rig^ 

B.  Red  vltmas  qoartiHc,  Ffg«an  Point.   Bafle;  and  Ri^s  u  above. 

C.  Quartilte,  South  lloaiitab,  PearaylTBnte.  Described  b;  7.  Baeoom,  BnU.  C.  8.  fiaoL  Somj  No. 
13a,  UM.    AoalyilsbrF.A,  Oentb.onp.  34. 

D.  QuarU  aChM,  near  Stenmsau  station,  Uar^land.  CcmLalna  qnarti,  moacovfts,  touimallne,  mlan>~ 
cUne.dnon,  and  Iran  stahu.  DeecrlbedbyBayley.Boll.  U.  B.  aeal.Surray  No.lIO.lSK.p.saa.  Analy- 
sli  by  E.  A.  aduwidn. 
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METAMORPHOSED  SHALES. 

Shales,  slates,  phyllites,  end  mica  schiste  form  a  continuous  series 
of  rocks  which  can  be  derived  from  day,  mud,  or  silt  by  prt^reefflve 
dehydration  and  crystallization.  Some  mica  schistB,  of  course,  are 
traceable  back  to  igneous  rocks,  but  they  fall  outside  of  the  present 
category.  In  order  to  study  the  development  of  schists  from  shales 
or  clays,  we  must  consider  what  compounds  the  latter  contain  capa- 
ble of  dehydration  and  what  are  produced  in  this  class  of  metamor- 
phoses. 

This  ground  has  already  been  partly  covered  in  the  two  preceding 
chapters.  The  final  products  of  rock  decomposition,  apart  from 
those  that  are  removed  in  solution,  are  hydroxides  of  iron  and 
aluminum;  free  sihca,  anhydrous  or  opaline;  and  hydrotis  silicates 
of  iron,  aluminum,  and  magnesium.  The  simple  hydroxides  offer 
the  least  difficulties  in  the  way  of  interpretation.  The  iron  com- 
pounds yield  hematite,  which  is  a  common  mineral  in  the  metamor^ 
phio  schists,  and  which,  in  presence  of  oi^anic  matter,  may  be 
reduced  to  magnetite.'  The  aluminum  hydroxides  may  furnish  dia- 
spore  if  the  dehydration  is  partial,  or  corundum  when  the  reaction 
is  complete.    Opaline  sihca  loses  water  and  becomes  converted 

M  mar  b«  ki  imtawpipMo 
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into  quartz.  These  changes  are  of  the  simpleet  oharacter,  but  it  is 
not  certain  that  they  alw&TB  take  place.  It  ia  possible  that  the 
colloidal  sihca  may  react  upon  the  colloidal  hydroxides,  and  form 
silicates  anew;  but  I  am  not  sure  that  this  class  of  reactions  has  been 
proved.  They,  are  conceivable,  and  thoretore  can  not  be  left  out  of 
account.  The  known  changes,  as  I  have  stated  them,  are  those  of 
the  compounds  themselves  when  not  conunin^ed  with  other  sub- 
stances. Hematite,  magnetite,  corundum,  and  quartz  can  be  formed 
in  the  manner  indicated;  and  hematite  or  magnetite  schists  (schists 
containing  these  minerals  in  conspicuous  proportions)  are  not  rare. 
The  itabirite  of  Brazil  is  a  rock  of  this  kind,  containing  hematite, 
magnetite,  and  quartz.'  Similar  rocks  have  been  described  by  H. 
Coquand '  in  France,  and  0.  M.  Lieber '  in  South  Carolina.  Co- 
quand's  rock  is  described  as  equivalent  to  a  mica  schist  containing 
specular  hematite  in  place  of  mica.  Itabirite  from  Okande  Land, 
West  Africa,  is  reported  by  0.  Lenz  *  as  containing  quartz,  hematite, 
and  magnetite,  with  quartz  predominating.  Another  example  from 
the  Gold  Coast,  desCTibed  by  C.  W.  Gflmbel,*  contains  also  muscovite, 
ilmenite,  and  free  gold.  A  German  schist  examined  by  C.  Lossen ' 
consisted  of  specular  hematite  and  quartz. 

PBRRUaiNOUS  SCHISTS. 

The  ferruginous  schists  of  the  Lake  Superior  region  may  properly 
be  mentioned  here.  According  to  C.  R.  Van  Hise,^  they  are  derived 
from  carbonate  rocks  which  he  calls  sideritic  slates.  These,  by  oxida- 
tion, pass  into  limonitic  or  hematitic  slates,  and  from  the  latter  the 
schista  are  derived.  Ferruginous  cherts  are  also  formed,  and  some 
banded  rocks  of  chert  and  hematite  which  Van  Hise  calls  jaspUite. 
The  silicification  of  the  original  siderite  is  attributed  to  the  action  of 
aihca  contained  in  percolating  waters.  The  following  analyses  of  the 
schists  were  made  in  the  laboratory  of  the  United  States  Geological 
Survey: 

I  Bee  Zirkcil,  LehrbuCh  der  Fetnigraphie,  3d  ed.,  p.  STO,  tat  lefennco. 
>  BOU.  eoc.  eM.  Fnnoe,  3d  aer.,  ToL  S,  1848,  p.  191. 

•  Rapt.  SuTTBy  South  C«i3l[iui,  ISM,  pp.  89-«;  1857,  p.  79;  1S5S,  p.  107. 

•  Verbandl.  K.-i.  geol,  BalchaaoBtalt,  1878,  p.  108. 

•  BttmngBb.  E.  Almd.  Wlaa.  UOntdnn,  18S3,p.  183. 

■ZelOdic.  Dentocb.  geol.  OcselL,  voL  19, 1867,  p.  6H.  Zlikel  mleiB  also  In  Norweeliia  eismplea  repgrtsd 
bj  J.  n.  L.  VDgt  In  B  memalt  whicb  I  have  not  seen. 

'  A  QeatiBB  OD  metsmoiplilBm:  Mon.  U.  S.  Qeol.  Surrey,  vol.  41, 1904,  pp.  830-842.  Sos  slao  Uwliteratme 
tlnre  oUed,  and  eapecikU;Uoii.U.S.Oeo].  Surrey,  vol.  38,  1895,  by  C.  R .  Van  Ilbe  and  W.  S.  Bayla;. 
On  tbe  metamorpbism  of  oD  ibtieu  by  tbn  oambiullaii  of  their  hydnxaiboDs,  sas  R.  Arnold  and  R.  ADdsr- 
Ml,  Jour.  Gadogy,  vol.  is,  1907,  p.  750. 

e7270''— Bull.  616—16 88 
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DEHTBRATION  OF  CI.ATS. 

Bocks  like  those  just  considered,  obvioudy,  may  vary  from  nearly 
pure  amphibole  to  nearly  pure  iron  ore,  and  the  quartz-hematite 
schists  may  range  between  the  two  extremes  in  the  same  vay.  In  all 
cases,  however,  the  final  product  represents  the  dehydration  of  hy- 
droxides, followed  by  partial  reduction  in  the  case  of  tiie  magnetite 
schists.  The  origin  of  the  hydroxides,  whether  from  carbonates  or 
from  silicates,  is  a  separate  question. 

The  hydrous  siUcates  of  the  sediments  are  chiefly  those  of  alumi- 
num. Some  iron  compotmds  also  occur,  such  as  glauconite,  chloropal, 
or  nonlronite,  but  their  mode  of  decomposition  when  dehydrated  is 
not  clearly  known.  In  many  cases,  probably,  they  break  down  into 
ferric  oxide  and  quartz;  but  they  also,  doubtless,  contribute  to  the 
formation  of  lees  hydrous  minerals,  like  staurolite  and  chloritoid. 
Of  these  species,  more  later.  Magnesian  silicates  must  also  exist  in 
the  sediments,  as  talcose  or  serpentinous  matter,  but  their  dehydra- 
tion products  have  already  been  discussed.* 

Many  hydrous  silicates  of  aluminum  have  been  described.  A  few 
of  them  are  definite,  others  are  more  or  loss  doubtful.  Some,  prob- 
ably, are  colloidal  mixtures,  which  should  not  be  formulated  as  distinct 
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chemical  compounds.    The  following  minerals  in  this  class  are  rec- 
ognized by  Dana  as  true  species: 

Eoolmito H^Al^Og. 

HalloyBite H^AIiSi^g+aq. 

Newtonite H,A^SL,Oi,+ftq. 

CimoUte H,Al,Si,0„+3  aq.(?) 

Hontmorillonite HjAJjSi^Ojj+n  aq. 

PyiophyUite H^l^Oia. 

AUoph&ne Al^iO^.Saq. 

CoUyrite AljSiO,.9ftq. 

Schrttterite AlrtSi,O„.30aq. 

To  this  list  rectorite  •  and  levorrierite '  should  probably  be  added, 
lievorierite,  as  described  by  P.  Termier,  has  the  composition  of  mus- 
corite,  with  hydrogen  replacing  potassium,  and  a  httle  iron  equiv- 
alent to  aluminum.  Its  formula,  thai,  is  HAlSiO,,  or  H^^i,0„, 
corresponding  to  muscovite,  H,KAlfSi,0„.  Rectorite,  according  to 
K.  N.  Brackett  and  J.  F.  Williams,  has  the  same  composition,  plus 
an  excess  of  water,  which  is  driven  off  when  the  mineral  is  dried  at 
110°.  Possibly  the  mineral  kryptotile,  an  alteration  product  of 
komenjpine  or  prismatine,  may  be  a  compound  of  the  same  order.* 
Silicates  of  this  type,  if  their  existence  should  be  definitely  estab- 
lished, would  probably  he  found  to  he  widely  diffused  and  to  play  an 
important  part  in  the  development  of  phyllit«  or  mica  schist.  They 
should  take  up  potassium  from  percolating  solutions,  forming  musco- 
vite— a  probabihty  which  deserves  to  be  investigated  with  great  care. 
Upon  complete  dehydration  all  of  the  silicates  in  the  list  except 
collyrite  and  schr5tterite  should  break  down  into  mixtures  of 
Al^Oj  and  SiO,.  Al^iO(  represents  empirically,  the  three  min- 
erals andalusite,  kyanite,  and  sillimanite,  which  are  isomeric  but  not 
idenUcal.  No  other  anhydrous  silicate  of  aluminimi  alone  is  known 
to  occur  in  nature.  These  three  species,  moiitraver,  are  all  character- 
istic of  the  metamorphic  schists,  and  must  have  been  formed  in  most 
cases  by  some  such  process  as  that  just  indicated.  Sometimes,  how- 
ever, other  sources  are  to  be  assumed.  For  example,  K.  Dalmer  *  has 
described  a  phyUite  contuning  muscovite  and  chlorite,  which,  by 
contact  metamorphism,  has  been  transformed  into  a  biotite-andalusite 
schist.  In  this  instance  the  andalusite  seems  to  have  been  produced 
by  a  reaction  between  the  two  antecedent  species.  On  the  other  hand, 
it  has  been  shown  by  W.  Vemadsky  *  that  sillimanite  is  a  normal  con- 
stituent of  hard  porcelun,  in  which  it  is  derived  from  kaolinite ;  and 
also  that  kyamte  and  andalusite  are  convertible  into  sillimanite  by 

1  Am.  Joai.  BcL,  3d  aor.,  vol.  O,  IMt,  p.  IB. 
>  BulL  Son.  mla.,  yd.  13,  ISN,  p.  17. 

•  Sm  J.  UliUs,  Zcltachr.  Krrit.  If  In.,  Tot.  47,  IHO,  p.  915,  imd  A.  Sauer,  ZMtHbf .  Deotwh.  geol.  Otaall., 
▼ol.  3a,  ISM,  p.  TM, 

•  Nam  Jahib.,  U>7,  Band  9,  p.  IBS. 

•  BdU.  Boa.  min.,  tiA.  13,  IBtO,  p.  IX.    Bee  ^K>  J.  W.  ICallor,  Joui.  Soc.  CbenL  Ind.,  vol.  39,  ll»7,  p.  37E. 


612  THE  DATA  OF  GEOCHBMISTBT. 

heating  to  a  temperature  of  1,320°  to  1,380°.  Kyanite  often  occurs 
in  mica  schist,  and  also  in  long,  bladed  crystals  embedded  in  quarto. 
All  three  species  alter  into  mica,*  bo  that  hen  we  have  a  group  of 
facta  which  bear  obviously  upon  the  interpretation  of  metamorphic 
processes.  We  do  not  yet  know,  however,  tiae  conditions  which  deter^ 
mine  the  formation  in  a  metamorphic  rock  of  one  or  another  of  ihe 
three  isomers.  The  chemical  structure  of  the  particular  hydrous 
sihcate  from  which  andalusite,  kyanite,  or  siUimanite  has  been 
derived  probably  has  a  distinct  influence  upon  the  reaction.  Tcmpeiv 
ature,  as  shown  by  Vemadsky,  must  also  be  taken  into  account,  and 
80,  too,  must  pressure.  The  three  minerals  differ  in  d«uity,  and 
pressure  may  well  help  to  determine  which  species  shall  form.  The 
specific  gravity  of  andalusite  is  near  3.2,  that  of  sillimanite  about 
3.25,  and  that  of  kyamta  varies  little  from  3.6.  Kyanite,  then,  would 
be  likely  to  appear  under  the  greatest  pressures  and  andalusite  undw 
the  least,  other  conditions  being  equaL  The  problem  is  complicated, 
however,  by  the  fact  that  the  same  rock  often  contains  more  ihsn  one 
of  tiiese  minerals,  together  with  products  derived  from  them.  The 
ai^ilhte  of  Harvard,  Massachusetts,  according  to  B.  K.  Emerson,* 
contains  andalusite  inclosing  sillimanite,  both  in  every  stage  of  alter- 
atiou  to  muscovite.  The  ai^lhtes  of  this  r^on,  modified  by  intru- 
sions of  granite,  show  a  zonal  syst^n  of  changes.  Where  the  tem- 
perature was  lowest,  andulusite  and  sillimanite  form.  With  more 
intense  heat,  Btaiu*olite  and  garnet  appear.  Influx  of  alkaline  waters 
from  the  heated  granite  changes  these  species  to  muscovite,  while 
nearest  the  granite  feldspars  develop. 

StauroUte,  HAlsFeSi,Oi„  specific  gravity  3.75,  is  another  mineral 
of  t^  metamorphic  schists,  and  one  closely  allied  to  the  andalu^te 
group.  Its  formation  evidently  requires  the  presence  of  iron  in 
tkhe  sediments,  and  also  conditions  of  temperatm^  and  pressure  which 
could  pOTmit  the  retention  of  water.  Garnet  is  one  of  its  common 
associates,  and  so,  too,  ore  sillimanite  and  kyanite.  Its  most  fre- 
quent matrix  is  mica  schist;  but  its  mode  of  formation  is  not  yet 
clearly  understood.  Staurolite  is  always  contaminated  by  inclusions 
of  other  substances,  and  it  altera  readily  into  mica. 

With  more  iron  and  possible  hydration,  schists  are  formed  con- 
taining chloritoid  or  ottrehto.  Chloritoid  has  the  formula 
HiFeAl^iO;;  but  that  of  ottrchte  ia  not  certain.  The  best  evi- 
dence goes  to  show  that  the  two  minerals  are  aUke  in  type,  except 
that  chloritoid  is  an  orthosihcate,  and  ottrelite  a  trisihcate.  On  this 
supposition  the  two  f ormulte  become 

A10,Fe.SiO,.A10H.H.  A10,Fe.Si,0,.AlOH.H. 

Chloritoid.  Ottrelite. 

I  Ttw  i^Kirtad  (dtntlon  of  kfulte  luhi  sUstlU  ii  most  qucatlimable.    Probably  >  eianpaet 
(damourlle)  hu  b«eD  mlstskeD  [or  talc. 
■  BulL  OeoL  Soc.  APMrica,  TuL  1,  IM,  p.  MS. 
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Magnesium  maj  r«plac6  iron  to  some  extent,  and  in  the  Belgian 
ottrelitea  manganese  plays  a  similar  part.  By  dehydration,  chlori- 
toid  would  become  A10jMg.SiO^.Al,  or  AyilgSiO,,  Trfiich  is  the 
formula  of  the  aluminous  constituent  of  augite  and  hornblende, 
and  also  of  the  imperfectly  known  mineral  komerupine.  A  relation 
between  chloritoid  and  these  silicates  is  therefore  suggested,  but 
what  its  real  significance  may  be  is  unknown.  Broadly  considered, 
chloritoid  and  ottrelite  belong  to  a  group  of  silicates  intermediate 
between  the  micas  and  the  chlorites,  from  either  of  which  groups 
they  may  be  derived,  or  into  which  they  may  alter.  In  the  otlrelite 
schists  of  Vermont,  according  to  C.  L.  Whittle,'  chlorite  is  derived 
from  ottrelite,  and  the  latter  mineral  was  one  of  the  last  to  form. 
In  the  Belgian  phyllitcs  studied  by  J.  Gosseiet*  mica  sometimes 
replaces  ottrelite.  The  formation  of  ottrelite  after  the  other  min- 
erals of  the  schists  was  also  noted  by  W.  M.  Hutchings*  in  a  sericite- 
ottrelite-ilmenite  phyllite  from  Cornwall,  and  by  J.  E.  Wolff  *  in  a 
rock  found  at  Newport,  Rhode  Island.  In  a  collection  of  rocks  from 
the  Transvaal,  J.  Gdtz  *  found  ottrelite  schist,  andalueite  schist,  and 
an  intermediate  phase  containing  both  ottrelite  and  andalusite. 

Ottrelite  and  chloritoid  are  probably  often  confounded.  At  aU 
events,  chloritoid  rocks  have  been  less  frequently  described.  C.  Bar- 
rois*  has  reported  them  from  the  lie  de  Groix,  France;  a  gamet- 
cbloritoid-quartz  schist  from  Japan  has  been  described  by  B.  Koto;' 
and  a  rock  from  the  province  of  Salzbuig,  Austria,  studied  by 
A.  Cathrein,  contained  about  64  per  cent  of  chloritoid,  with  30  of 
quartz  and  some  rutile.  Other  occurrences  are  well  summed  up  by 
F.  Zirkel,*  for  both  ottrehte  and  chloritoid.  The  abundant  litera- 
ture, however,  is  mainly  descriptive,  and  sheds  little  light  upon  the 
genesis  of  these  minerals.  The  following  analyses  represent  rooks 
characterized  by  the  andalusite  and  chloritoid  groups.  All  except 
one,  by  Klement,  were  made  in  the  laboratory  of  the  United  States 
Geological  Survey. 

>  Am.  loiir.  ScL,  3d  ss.,  vol.  H,  IWl,  p.  270. 
I  Annales  Boo.  g&L  du  Nord,  vol.  is,  p.  iss. 

*  a«aL  itas;  1S8S,  p.  SI*. 

*  Bull.  Uus.  Comp.  ZooL,  voL  1«,  mO,  p.  ISO. 

*  NsQce  Jahib.,  Bed.  Buid  t,  ISSS,  p.  143. 

«  Annsla  Boc.  gM.  du  Nord,  v<d.  tl,  ISM,  p.  la. 
»  Jour.  CoU.  ScL  Jepui.  vol. «.  1SB3.  p.  270, 

*  LohibDCli  der  Fnrogr^hla,  Id  ed.,  Tot.  3,  pp.  283,  3M,  30S-306. 


.y  Google 


THE  DATA  OF  QEOCHEMISTBT. 
Anali/ta  o/andtihitiu  otuI  cklanioid  rockt. 


AnalysbbrO.SUIgar.    Dtaalbad b; Tmnv, BidL 
U.  S.  OuL  Snrrer  No.  UO,  ISHl,  p.  ui   OmtafDi  uidaliulU  (tAlastoUU).  lUUniaiilto,  tiUcs,  ate 

C.  ADdihuitthunifils,  Uvlpaaa  Count;.    Analysis  b;  StcIgK.    Daalbfldb;  Tanw,  f^.  dL,  p.  HI. 
CdOtBfns  qiurti,  andilnsIM,  mlo>,  etc 

D.  AndatosIU  achlat,  Skunuila  County,  WublDEton.    An^yiad  sod  dncrfbtd  b;  W.  T.  Bdnllv,  BoB. 
U.S.  Qeol.  Snrvar  No.  193,  ttOIi,  p.  IDS.    CoDlalni aiidaluslt«,  35  po-ceot;  qnarti, 31  p« ocDt;  iuubJuiUb, 
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E.  K;uilteBcliIit,S«tTado01csDt«,Bnifl.   Analyalit  by  Hflltbrud.   I><Krlb«d  by  O.  A.  Darbr.  Am. 
T(nr.ScL,4UiMr.,ToL1,18M,p.343.    ConsbU  nulnly  of  kysnita,  cfalorlts,  Midta,  qnorti,  ud  rntll*. 

r.  Sll]lnwnllsidilit,8anDI>^Co(mtr,CallIanila.    Analftad and dnorlbcd  by  S(±illtr,  BnU.  Ko.  IB^ 
18H,  p.  98.   iCklnlf  qoarti,  W  pa-  ocDt,  uid  tPllnnnlte,  31  pw  c«Dt,  ntelvtlng  vatgr  and  ratoor  aoceaorlK. 

O.  Chl(«ltold-phyUlt«,  Llbot;,  Ibrrland.    Analjudbr  L.  O.  Kakios.    CaUed  "oMrdite-pliylllta"  by 
O.  H.  WOlbms,  bnt  the  cbvaeta-bUo  mlnaal  Is  chlorltoid.    S«e  BuD.  11,  B.  OtoL  Burvcr  Na  33&,  p.  O. 

H.  Ottr«Uls  achbt,  Utothwind,  Balghim.  Analrud  by  C  Elsinit,  dwrlbad  by  A.  r.  Roacd. 
Keoanl'i  mtmolrB  on  tba  phyUlt«  of  tba  Ardmnts  (BuU.  Miu.  roy.  hlsL  nat.  BdglqiM,  ToL  1, 1881,  p.  31^ 
vol.  3,in3,p.  12T;tdL3,  18M,  p.  I3a)*rarlchlndaUaanovnfaigrocl[SAtthtadan.  TcrSibpi 
•idibt  aea  ToL  3.  p.  US.    It  ocotahuattnUte,  46.11  p«  cent;  nlidtB,  3136  par  ca 
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MICA  SCHIST. 

A  great  variety  of  other  aohists,  correepondiiig  to  the  Tariations  in 
the  sediments  themselTes,  have  received  special  desmptive  names. 
Graphite  schists,  derived  from  carbonaceous  shalea;  tourmaline 
schists,  containing  toiumaline,  and  gamet-mica  schists  are  good 
examples.  The  commonest  type  of  all,  however,  is  the  ordinary  mica 
or  sericite  schist,  which  is  essentially  a  mixtuio  of  quartz  and  mica, 
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vith  VBiTixig  acceasories.  A  paragonite  schist  contuns  the  soda  mica, 
paragonite,  instead  of  the  commoaer  muscoTite.  A  shale  passes  into 
a  slate;  in  l^t  fine  scales  of  mica  develop,  forming  a  phyllite,  and 
with  more  complete  recrystallization  a  mica  schist  is  produced.  Mica 
schists  also  originate  from  the  alteration  of  a  ^auitic  detritus  con- 
sisting of  quartz  and  feldspar,^  the  latter  mineral  changing  to  mus- 
covite,  or,  imder  undetermined  conditions,  to  biotite.  Chlorite,  epi- 
dote,  garnet,  tourmaline,  and  feldspars  are  common  accessory  min-  ' 
erals  in  rocks  of  this  class.  The  following  analyses  of  mica  aohiate 
were  made  in  the  Survey  laboratory: 


Analyiu  ofmiea  tdntU. 


Dcacrnxdhy 
S.  Bajls;  In 


A-  QuartHKlclto  ■cbM,  UooDt  Aiculiiay,  Vermont.   Analjud  by  W.  F.  Bllltbm 
B.  A.  D*lr  m  BdIL  U.  S.  GcoI.  Burrsy  Ho.  SOB,  1903. 

B.  B«riiilto  adiM,  IttUnborg,  Uurlwd.    Aulyud  bj  Q.  Steliv.    Docrlbad  by 
BoU.  V.  B.  OanL  Santj  No.  ISO,  ISgS,  p.  31T. 

C.  Soidto  adJst,  ICamoctta  raglm,  Uh^ilgaii.  Anilysla  by  Btelgv.  CiKribcd  b;  C.  K.  Van  Bto 
B>dW.8.BaTkr,Utii.U.  B.  OtoLSiDTgy,roLiS,]SW.    Bahilr  Mddt*  and  ipisrU. 

D.  Hln  aChtat,  Ontal  Falli  district,  Uldilgan.  Analfiad  by  H.  N.  Stokes.  DamrfbM  br  B.  L. 
Smyth,  lloD.  U.  B.  Q«aL  Suimy,  voL  30, 1808,  p.  274.  Coutalna  blotlta,  quartz,  soma  mlcroaUng,  and 
mafn«til«. 

E.  Mlnsciibt,  near  ChmSiDt  Lake,  Ubrntoota.  AiuJyiadby  T.  B.CbAtard.  CioitalDS  blotlte,  quarli, 
Mdspai  (t),  and  pyrlte,  as  tq>crt«d  by  Van  Bba. 

F.  Fald^aUkle  mka  adiM,  ICartposa  County,  Calttenla.  Anslyiad  by  Billebmid.  Devrfbed  by 
H.  W.  Tunwr,  BeraiUBDtb  Aim.  Rapt.  U.  S.  OaoL  Smrcy,  pt.  1, 1S9S,  p.  SOI.  Contains  quarts,  fakbpor, 
blotlio,  DnBCDTlta,  wfttlte,  and  macular  Iron. 
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Before  leaving  the  subject  of  mica  schist  a  word  of  caution  may 
not  bo  superfluous.  It  is  often  assumed  that  the  mica  in  such  a 
rock  has  been  derived  from  the  alteration  of  feldspathic  particles 
contained  in  the  original  sediments,  and  this  no  'doubt  is  frequently 
the  case.  The  same  process  operates  that  is  traced  in  the  seridtiza'- 
tion  of  an  igneous  rook,  but  it  ia  not  necessarily  general.  We  have 
seen  that  muscovite  can  be  formed  from  andalusite,  for  instance, 
and  the  latter  probably  from  day  substance.  In  short,  micas  may 
form  in  a  number  of  different  ways,  so  that  no  single  set  of  reactions 
can  aocoont  for  all  of  ite  occurrences.  Sometimee  its  souioe  can  be 
determined,  but  not  always. 

Many  schists  contain  tourmaline  as  an  essential  constituent. 
Dumortierite  also  occurs  in  them,  perhaps  more  often  than  is  com- 
monly supposed.  These  species  are  boro^cates,  and  their  generation 
is  usually  attributed  to  the  agency  of  boron-bearing  gases  or  vapors 
emitted  from  heated  magmas  along  their  contacts  with  sedimeaitaiy 
deposits.  Boron  compounds,  and  fluorine  compounds  also,  exist  in 
volcanic  emanations,  as  was  shown  in  Chapter  VIII,  and  they  prob- 
ably produce,  in  many  instances,  the  effects  just  ascribed  to  them. 
But  here  again  caution  is  necessary.  We  do  not  know  how  widely 
boron  and  fluorine  may  be  disseminated  in  rock-forming  mate- 
rials, for  their  determination  in  traces  is  very  difficult  and  rareJy 
attempted,  fluorine  must  be  abundantly  diffused  as  a  constituent 
of  the  ubiquitous  mineral  apatite,  and  boron  may  be  equally  com- 
mon. We  observe  its  concentration  in  tourmaline,  but  we  can  not 
be  positive  as  to  its  ori^  except  in  certain  individual  cases.  One 
of  these  seems  to  be  the  contact  between  mica  schist  and  granite 
on  Mount  WiUard,  in  the  White  Mountains  of  New  Hampshire,  as 
■  described  by  G.  W.  Hawes.*  Hwe  there  are  seven  well-defined  zones, 
as  follows: 

1.  Aigillitic  mica  achiat,  chloritic. 

2.  A^illitic  mica  echiat,  biotitic. 
8.  Tournuline  honutone. 

4.  Tourmaline  vdnotone, 

5.  Mixed  granite  and  Bchi«t. 

6.  Gtauita  porphyry,  biotitic. 

7.  Normal  granite,  bomblendic.  This  contaisB  quarti,  albite,  orthoclaae,  horn- 
blende, and  some  biotita.    In  the  porphyry,  biotite  entiiely  replac«e  the  hornblende. 

The  remarkably  complete  series  of  analyses  by  Hawee  is  ^ven  in 
the  next  table. 

I  Am.  Jour.  8cL,  U  wr.,  vol.  SI,  ISM,  p.  31. 
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Analj/taofgnmUeandmioaidtutnearixmtaet,  Mount  WUlard. 


A.  The  mrnul  AHmd;  gnnlta. 
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The  dehydration  in  passing  from  schist  to  granite  ia  here  very 
obvious,  but  tiie  sudden  appearance  of  boric  oxide  is  more  striking. 
That  its  concentration  was  brought  about  by  pneumatolytic  proceasea 
is  the  most  ieaaonable  hypothesis  by  whieii  to  account  for  its  pres- 
ence at  the  line  of  contact  and  its  absence  elsewhere.  The  mineral- 
ogical  composition  of  the  rocks  D  to  H,  as  given  by  Hawes,  presents 
a  still  clearer  picture  to  the  mind  of  the  changes  which  have  occurred: 


»datt,  Momt  WiOard. 
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143.89 
6.66 
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13.70 
1.90 
1.04 
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1.77 
3.44 
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UognAtlM 

Here  we  see  that  the  chlorite  of  the  schist  alters  to  biotite,  by  dehy- 
dration, as  Hke  contact  ia  approached,  and  tbat  the  tourmaline  has 
been  formed  largely  at  the  expense  of  tiie  mic&a.  The  absence  of 
feldspar,  which  is  abundant  in  the  granite,  ia  also  noticeable.  On 
the  granite  side  of  the  contact  the  rocks  are  f  eldspathic ;  on  the  schist- 
ose side  they  are  micaceous;  at  the  contact  neither  feldspar  nor  mica 
is  shown  by  Hawes's  figures.  Probably  both  minerals  have  contrib- 
uted to  the  generation  of  tourmaline,  which  is  related  to  both. 
Tourmaline  often  alters  to  mica,  and  tourmaline  crystals  are  known 
indosii^  cores  of  feldspar. 
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The  gneisses  form  the  largest  group  of  metamorphic  rocks,  and 
represent  both  igneous  and  sedimentary  formations.  Some  of  them 
are  plutonic  rocks,  structurally  modified;  others  are  reciystalUzed 
sedimentaries.  The  term  "gneiss,"  unfortunately,  has  heen  used  in 
quite  different  senses.  For  present  purposes,  J.  F.  Kemp's  defini- 
Uon  I  may  perhaps  serve  as  well  as  any.  He  defines  gneiss  as  a  "lam- 
inated metamorphic  rock,  which  usually  corresponds  in  miaeralogy 
to  some  one  of  the  plutonic  types."  The  gneisses  "differ  from  schists 
in  the  coarseness  of  the  laminations,  but  as  these  become  fine  they 
pass  into  schists  by  insensible  gradations."  Under  this  definition 
any  plutonic  rock  may  have  its  gneissoid  equivalent,  and  C.  H.  Gor- 
don '  has  proposed  to  name  the  gneisses  accordingly.  Thus  we  may 
have  granitic  gneiss,  syenitic  gneiss,  dioritic  gneiss,  etc.,  including  in 
the  series  foliated  rocks  derived  from  pyroxenite  or  peridotite. 
The  common  usage,  however,  is  not  quite  so  extreme,  and  the  term 
gneiss  is  practioaDy  restricted  to  granular,  laminated  rocks  analogous 
in  composition  to  granite,  syenite,  or  diorite.  Chemically  these 
gneisses  differ  very  little  from  their  igneous  equivalents,  but  those 
derived  from  sedimentary  rocks  are  likely  to  be  relatively  poor  in 
alkalies  and  to  contain  minerals  of  calcareous  origin.  In  some  cases 
gneisses  of  sedimentary  origin  contain  impurities  of  organic  deriva- 
tion, either  coaly  or  graphitic.  For  example,  in  a  gneiss  from  the 
Black  Forest,  H.  Rosenbusch  *  found  coaly  particles  which  c<Hitained 
nitrogenous  matter,  undoubtedly  derived  from  organic  substances. 
A  convenient  aid  to  nomenclature  is  that  offered  by  Rosenbusch,* 
who  calls  gneiss  of  igneous  ori^  "  orthogneiss,"  and  that  of  sedi- 
mentary origin  "  paragneiss."  There  are  also  descriptive  names  of 
the  ordinary  character,  which  indicate  mineralogical  peculiarities. 
Chlorite  gneiss,  cordierite  gneiss,  tourmaline  gneiss,  garnet  gneiss, 
epidote  gneiss,  sillimanite  gneiss,  albite  gneiss,  muscovite  gneiss,  bio- 
tite  gneiss,  two-mica  gneiss,  plagioclase  gneiss,  and  orthoclase  gneiss 
are  names  of  tiiis  kind.  The  sedimentary  varieties  are  also  named 
genetically,  as  pelite  gneiss,  psammite  gneiss,  arkose  gneiss,  etc., 
according  to  the  derivation  of  the  rock  from  shaly,  sandy,  or  arkose 
materials. 

The  fdlowing  analyses  of  gneiss,  with  the  exception  of  the  Cana- 
dian example,  were  made  by  the  chemists  of  the  United  States 
Geological  Survey; 


•  Elonmla  itr  OvMbulahrg,  3d  ad.,  p.  484. 
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Analyia  ofgneiuei. 

A.  Badimuitu?  gnabi,  St  JttD  ds  Hatha,  Qiubso,  Canada.    AjoijvU  bj  N.  N.  Evus.     Dmxlbed 
bT?.I>.Adami,Aiii.Jour.  BcL,3dB«r.,vcd.tU,1S8E,p,eT.    AdaiiiagIv«Buvanlottwaiul;a(BD<EiUla8M. 

B.  QnarU-biaUtfr-garnet  giiein.  Fort  Ann,  X«w  York.    Analysis  I17  Vf.  T.  fflUefaiand.    BvcTt«d  by 
T.  T.  Kemp  to  ocntala  quarti,  ginuit,  bloUte,  artbodaN,  soma  plaglodBae,  md  xIidoei. 

C.  ATangt  mmpli  o(  mloa  jcalsB,  neu  Fhlladalphla,  Pannsjlvicla.    Analysis  by  Bflltbraod.   l^a- 
•oribad  by  F.  Baaoom,  Uarylmd  OaoL  Surrey,  Cedl  County  Toluiiie,  1903,  p.  lis.   Cimlalns  qoarta. 


P.  OuabB  bom  ]>onay>a  Run,  Uaryland.  Analysis  by  HOlabiand.  Described  by  0.  E.  Eayas,  FU- 
twolh  Ann.  Kept.  U.  8.  0«ol.  Survey,  189S,  p.  W.    Frobdilr  ofsedimntocyivlcfn. 

E.  {tatrfsB,  probably  sadimauary.anat  Falls  of  the  Fofaimac.  Analyifa  by  HlUebnmd.  Deanlbadby 
Q.  H.  Williams,  Firtauitb  Ann.  Bapt.  U.  B.  OeoL  Surrey,  18a&,  p.  870. 

F.  Blotlte  gneiss.  Upper  Qubuueao  Falb,  Ueaomlnae  Rlvei,  Michigan.  Analysis  by  B.  B.  Biggs. 
Deanlbed  by  0.  H.  IVIlllanu,  Boll.  U.  S.  Oail.  Survey  ITo.  02,  ISW,  p.  IIS.  Caatabs  blotlla,  sods  istho- 
daaay  quaiti,  and  acocasor;  sphsie,  ilrcai,  aod  qtatlte. 

a.  QuaKuiorlte  gneiss,  Odessa,  Ulnncsota.  Anal]>b  by  H.  N.  Btokes.  Deeotbed  by  "W.  B.  Baylay, 
BolL  U.  S.  GeoL  Snm^  No.  UO,  1899,  p.  J38.  Contdns  quaiti,  plagJaolasa,  and  pymusui,  with  aooeraoy 
blotita,  ^amt,  pyrile,  and  magnetite. 
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In  a  broad  way  the  general  order  of  change  from  clay  to  slate, 
shale,  and  metamorphic  schists  is  well  shown  by  a  aeries  of  averaged 
analyses  compiled  by  C.  K.  Van  Hise.*  The  analyses  chosen  for 
combination  were  all  of  pelltic  material. 
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Average  atialytet  of  day,  «Aab,  mIoU,  and  n^ittt, 
13  KiBtjnn  ofol&T*  •ad  mO*. 
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In  these  figures,  reading  from  clay  to  Bchist,  we  see  a  steady  loss 
of  water  and  of  carbon  dioxide.  The  latter  has  been  gradually 
replaced  by  silica,  and  silica  has  also  increased  in  proportion  by  its 
assumption  as  a  cementing  substance.  Ferric  iron,  furthermore,  is 
partly  reduced  to  the  ferrous  state,  and  there  is  an  apparent  gain  in 
alumina,  which  may  be  partly  real,  and  so  far  due  to  cementation. 
The  averages  represent  too  few  individual  analyses  to  warrant  any 
elaborate  disciission  of  them,  but  they  serve  to  illustrate  the  general 
tendency  of  the  metamorphic  processes. 

MBTAMOBPHZC  UMESTONHS. 

The  metamorphism  of  limestone  ia  effected  by  a  variety  of  processes 
which  are  quite  distinct  in  many  particulars  from  those  outlined  in 
the  preceding  pages.  A  piu-e  or  relatively  pure  limestone  may  re- 
crystallize  into  a  compact  marble,  as  shown  in  the  chapter  upon  the 
sedimentary  rocks.  If  it  contains  magnesium  carbonate,  dolo- 
mite is  produced;  and  the  presence  of  iron  may  determine  the  for- 
mation of  mixed  carbonates,  such  as  ankerite  or  mesitite.  These 
changes  are  of  the  simplest  character  and  call  for  ho  further  dis* 
cUBsion  now. 
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But  pure  limeatoDes  are  relatively  rare.  Sandy  or  ai^UaceouB 
unpurities  are  generally  present,  and  also  silicates  produced  by  reac- 
tions witli  infiltrating  waters.  When  limestonea  of  this  sort  are  meta^ 
morphosed,  either  dynamically  or  by  contact  with  igneous  injections, 
new  minerals  are  generated,  and  the  range  of  possibilities  becomes 
very  broad.  Each  impurity  exerta  ks  own  peculiar  influence,  and 
operates  to  develop  certain  individual  subetancee.  Organic  matter, 
for  example,  furnishes  the  material  for  graphite,  which  is  very  com- 
mon in  metamorphosed  limestones.  In  the  Adirondack  r^on  there 
are  numerous  beds  of  white,  crystalline  limestone,  thickly  spangled 
with  brilhant  hexagonal  plates  of  graphite;  and  these  localities  are 
typical  of  many  others. 

When  silica  is  the  sole  impurity  of  importance,  it  can  crystallize  as 
quartz,  or  react  with  the  calcium  carbonate  to  form  the  silicate,  wol- 
lastonite.  No  more  limpid  crystals  of  quartz  are  known  than  those 
found  in  the  cavities  of  Carrara  marble.  As  for  wollastonite,  CaSiO,, 
it  is  often  formed  at  contacts  between  limestone  and  igneous  rocks, 
and  it  is  also  found  disseminated  through  schists  and  gneisses.  It 
must  be  remembered  *that  shales  and  sandstones  often  contain  cal- 
careous matter,  which  undergoes  the  same  transformations  that  the 
concentrated  limestones  expeiiwice.  Calcium  carbonate  in  a  siUceous 
sedimentary  rock  may  easily  become  the  progenitor  of  wollastonite, 
garnet,  acapolite,  epidote,  and  other  calciierous  species.  Carbon 
dioxide  is  expelled,  and  silicates  are  produced. 

The  development  of  wollastonite  at  an  igneous  contact,  or,  indeed, 
in  any  metamorphic  rock,  has  peculiar  geologic  significance.  E.  T. 
Allen  and  W.  P.  White  *  have  shown  that  this  mineral  can  be  formed 
only  at  temperatures  not  exceeding  1,180",  Above  that  temperature 
it  passes  inte  the  pseudohexagonal  modification,  which  has  often  been 
prepared  artificially,  but  is  unknown  as  a  natural  species.  The 
presence  of  wollastenite,  then,  is  evidence  that  the  rock  containing  it 
had  recrystallized  at  some  temperature  below  the  transition  point. 
If  that  degree  of  heat  were  ever  exceeded  in  a  contact  zone,  we  should 
expect  the  pseudohexagonal  sihcate  to  appear;  since  it  does  not,  we 
are  justified  in  assuming  that  this  form  of  metamorphism  is  always 
effected  at  lower  temperatures.  We  thus  obtain  a  definite  datiun 
point  in  what  has  been  called  the  "geologic  thermometer." 

The  recrystallization  of  a  sedimentary  limestone  containing  limo- 
nitic  impurities  or  hydroxides  of  aluminum  will  obviously  produce 
inclusions  of  magnetite,  hematite,  or  corundum.  Magnetite  has  often 
been  identified  in  crystalline  limestones,  and  similar  occurrences  of 
corundum  are  not  uncommon.  The  Burmese  rubies,  for  example,  are 
found  in  crystalline  limestone,  and  so,  too,  are  the  red  and  blue 
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conindimis  of  Newton,  New  Jersey.  When  almninti  tmd  silica  are 
present  together,  the  reaction  with  calcium  carbonate  leads  to  tJie 
-formation  of  Tarious  silicates,  the  conditions  which  determine  the 
appearance  of  each  one,  however,  not  being  definitely  known.  Cin- 
namon garnet,  vesuvianite,  epidote,  zoi^te,  and  die  scapolitee  are 
among  the  speci«a  which  appear  most  frequently.  Gehleuite  also 
occurs,  but  more  rarely;  for  example,  in  mu-ble,  at  the  clas^cal 
locoJity  of  Monzoni  in  the  Tyrol.*  Metamorphosed  limeetone  with 
inclusions  of  this  class  are  common ;  for  instance,  in  a  belt  extending 
from  southweetem  Maine  to  central  Massachusetts.  From  two  points 
in  this  beJt,  at  Raymond  fuid  Fhippsburg,  Maine,  crystallized 
anorthite  has  also  been  identified  by  analyses  made  in  the  laboratory 
of  the  United  States  Geological  Survey.'  The  other  feldspars  as  well, 
albite,  orthoclase,  and  the  pli^oclases,  are  known  as  contact  minerals 
or  inclusions  in  crystalline  limestones,*  and  also  the  micas  muscovite, 
biotite,  and  phlogopite.  Fhl<^pite  is  essentially  a  mineral  of  this 
group  of  roclra,  its  formation  and  that  of  biotito  requiring  the  presence 
of  magnesium  compounds.  To  form  scapolites,  sodiimi  chloride  is 
necessary,  but  that  may  easily  come  from  "percolatii^  waters,  or 
from  apatite.  The  alkalies  required  by  the  feldspars  and  micas  may 
have  a  similar  origin,  or  else  be  derived  from  impurities  in  the  sedi- 
ments from  which  the  limestones  were  formed. 

Nearly  all  limestones  are  more  or  less  magnesian  or  ferruginous, 
facts  which  determine  the  formation  of  many  metamorphic  minerals. 
Magnesia,  for  instance,  may  crystallize  by  itself  as  periclase,  and 
that  species  alters  into  bnicite.  Magnesia  and  alumina  together  give 
rise  to  spinel.  With  silica,  magnesian  silicates,  often  ferriferous, 
may  form,  such  as  forsterite,  ohvine,  eUstatito,  and  hypersthene. 
With  lime  and  magnesia  together,  monticeUite  is  produced,  and  also 
a  wide  range  of  pyroxenes  and  amphibolea.  Aug^to,  hornblende, 
diaHage,  diopside,  actinoUte,  and  tremohto  are  common  in  meta- 
morphic limestones,  and  the  minerals  of  the  chondrodite-humite 
series  are  also  characteristic  of  these  rocks  in  many  localities.  The 
white,  yellow,  and  brown  magnesian  tourmalines  are  other  species  of 
this  class.  Furthermore,  the  olivines,  pyroxenes,  amphiboles,  and 
chondroditee  alter  into  serpentine  and  talc,  formii^  the  ophicalcito 
marbles  or  verde  antique.^ 

1  Bw  C.  nodttr,  Iihrb.  K.-k.  gwl.  Relohwiulalt,  1875,  p.  239.  Podtcr  sba  nporte  bcmatltB  In  tbiM 
mrUca;  and  It  bu  been  Identlflsd  by  O.  d'Achtardl  In  Carnra  muble. 

'  BulL  U.  S.  Oaol.  Surrey  No.  230, 1903,  p.  37.  AnorUilU  also  ooeuis  In  tha  nuitilg  id  Hviaiil,  In  Um 
Tyrol.    8mO.  TomlUtb,  ZalCscbr.  DautsclLgeol.  Oeua.,ToL3T,lK7G,p.37«. 

■8«e,  (or  elaiiiple,  O.  Lfnck,  Nnuslshrb,,  1907,  p.  31,  on  odbodua  from  Uw  dolomite  ol  dnqnloago. 

<  In  lloo.  U.  B.  Oeol.  Survey,  TOl.  M,  190t,  p.  321,  W.  8.  B&ylay  described  a  taLoowsohlst  from  awAnsm 
Iron  mln«,  Mehlgsn,  which  tu  probably  derived  from  a  dolomite.  An  analysis  of  It,  by  Q.  BMtpr,  b 
llTcn, and Blao Its minvsloglaal mmpiKillon.  OiitI>egritlnofaaomMl*rT«Ilk>t«BlnUmcstaDaiaaa W.L. 
Utf  mr,  Boon.  Ocolocn  vol.  8,  pp.  19,  3U,  ISU. 
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In  a  Scottish  dolomitic  mfurble  containing  forsterite,  l3«molite, 
diopeide,  and  bnicite,  J.  J.  H.  Teall '  has  obserred  a  dedaloiiiitiza- 
tion  due  to  the  sUioation  of  the  double  carbonate.  That  changes  to 
diopside  -without  change  of  ratios,  and  the  partly  altered  rock  ahowa 
the  two  speciee  in  juxtaposition.  The  metamorphosis  was  effected 
hj  a  plutonio  intrusion,  and  where  silica  was  deficient,  bnicite 
appeared.  Probably  in  the  latter  case  magnesium  carbonate  waa  fiist 
reduced  to  peridaae,  MgO,  which  was  later  hydrated  to  brucite, 
Mg03»-  Tto  mixture  of  calcite  and  brucite  is  identical  with  the 
predazzite  of  the  Tyrol.*  It  may  be  noted  here  that  certain  of  tha 
Adirondack  limestones  are  r^;arded  by  J.  F.  Kemp  '  as  having  been 
originally  siliceous  dolomites,  in  which  the  silica  and  magnesia  have 
s^regated  as  pyroxene.  In  northern  Xew  Jersey,  according  to  L.  Q. 
Westgate,*  a  quartz  rock  and  a  quartz-pyroxene  rock  have  been 
formed  by  the  metamorphism  of  limestones. 

In  addition  to  the  minerals  already  named,  the  crjratalline  lime- 
stones contain  many  other  less  important  species.  Apatite,  fluorite, 
rutile,  ]>erof8kite,  titanite,  dysanalyte,  and  zircon  are  among  them. 
By  the  reduction  of  sulphates,  a  considerable  number  of  sulphides 
may  be  formed.  At  Carrara,  for  instance,  G.  d'Achiardi  *  found 
realgar,  orpiment,  sphalerite,  pyrite,  arsenopyrito,  galena,  chalcocite, 
and  tetrahedrite;  and  also  native  sulphur  and  gypsum.  Pyirhotite 
and  molybdenite  have  been  identified  at  other  locahtiea,  and  in  the 
famous  Binnenthal,  in  Switzerland,  several  rare  sulphosalts  occur 
in  a  crystalhne  dolomite.  In  short,  the  list  of  minerals  now  known 
as  existing  in  metamorphosed  limestones  must  comprise  at  least 
70  species,  and  possibly  more.* 

The  rocks  thus  formed  from  limestones  and  dolomites,  or  from 
mixtures  of  these  with  siUceous  material,  can  vary  from  a  nearly 
pure,  recrystallized  carbonate  to  an  indefinite  aggregate  of  silicates 
alone.  Even  in  a  single  bed  the  rocks  may  range  from  one  extreme 
to  the  other.-  Analyses  of  such  rocks,  therefore,  have  httle  signifi- 
cance and  are  not  often  made.  Throe  examples  from  the  sihcate  side 
of  the  group  may  serve  to  illustrate  the  variety  of  composition: 


>  Oed.  Hag.,  IStn,  p.  SIS.    A  ilmllK  eumpls  Is  nporUd  b;  T.  H. 

H&Ub  and  R.  B.  Bntall,  QaaU 

Joqi.aeol.Biic.,  vol.  88,1910,  p.  KB.    Beoslso  T.  CiwA, 

a«rt.»ug.,i« 

iH,p.m 

■Swaote.p.  STO. 

•BuU.O«il.floo.Aimrtc»,YOl.B.I»t.p.a4I.    IntheB 

imsTO)miu,p. 

ilacu  irlth  galibro. 

•  Am.  Owaogbt,  vol.  H,  im,  p.  JOB. 

•  AtU  Boo.  loHBiiB  icL  n^.,  Flo,  vol.  31,  IMS. 

MMMjBhrb.,B<Q.B«ndl8,lttDf,F.1V7.    ForthsCeTla 

HMlocalltlM, 

HoUIck  luTB  ibmerft«d  tha  mTttidUiB  UmotODn 

ol  Wwwidt.  NW  Yirt.  in  Anii«l«  No*  YdA  Ai»d.  SOL 

,TC*.  7,1883.1 

>.««. 
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Analgiti  o/vulamorphie  tilieate  roett, 

A.  VoUBstmlta  gneiss,  Aoudor  Count;,  CalEIomla.  Analgia  b;  V.  F.  HtllBtraad.  Dsscrlbcd  by 
H.W.Tunxir,  S«veiiUeDthAiui.Bept.U.S.  0«>d.  Surv<;,pt.l,18M,p.  Ql.  CoubtB  mainly  of  wsUm- 
lonlls,  but  garnet,  qusrti,  and  tllaalle  are  also  pieaent. 

B.  PntmiMrock,  Black  Fcunut,  Qenaaaj.  Amilyslii  by  C.  BetaaraaHitcpc,  Soerfbadby  H.  Robd- 
bdicb,  lUtt.  Gr.  badluh.  pm.  LandMansCalC,  Tid.  G,  Bett  1,  ISDt.  Ectlmatod  to  ocotaln  MU  per  oeot 
pidmlte,  37.)  alblte,  13.S  actbuAlte,  and  3.3  kaolin  aod  ncmlronlta.  Probably  fonnad  frmn  >  mul  ooi- 
tabitng  34  Jt  per  cent  of  carboiiatea  vitb  S5.S  gQIcalm  and  qoartx. 

C.  Oamst  rock.  Black  Fiaat.  Auolysii  by  BcbnBrranberger.  D«acilbed  by  Rtaenbiacb,  loc.  olt. 
Probably  derived  from  an  orlgliial  mixture  of  43  per  oent  caibcmatm  and  52  of  itlicatH,  chiefly  kw4in. 
Contatns  about  7fi pel  cent  gamat,  lOpeccentaodit-potaBbintca,  andlGperce 
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a  Lcoa  on  Ignition. 

DIAGNOSTIC  CRITERIA. 

It  is  generally  desirable,  but  not  always  easy,  in  the  study  of  a 
metamorpbic  rock,  to  determine  whether  it  was  of  igneous  or  sedi- 
mentary parentage.  For  this  purpose  various  criteria  have  been 
proposed,  and  chemical  analysis  furnish^  some  of  them.  Oa  the 
chemical  side  the  problem  has  been  well  discussed  by  E.  S.  Bastin,* 
who  points  out  a  number  of  possibilities. 

First,  a  study  of  analyses  by  the  methods  laid  down  in  the  quan- 
titative classification  of  igneous  rocks.  In  many  cases  the  "norm" 
of  a  sedimentary  rock  is  identical  with  that  of  some  igneous  rock,  as 
shown  in  Washington's  tables.'  In  such  instances  no  definite  con- 
clusion can  he  reached  from  chemical  evidence  alone.  But  if  the 
"norm"  ^rees  with  that  of  no  known  igneous  rock,  ihe  analysis 
probably,  but  not  certainly,  indicates  a  sedimentary  origin. 

Secondly,  the  manner  in  which  the  sedimentaries  are  formed 
suggests  other  chemical  criteria.  In  most  igneous  rocks  soda  ia  in 
excess  of  potash,  but  decomposition  changes  the  ratio,  which,  in 

I  Jour.  Qeidogy,  vol.  17,  IWD,  p,  445.  See  also  J.  D.  Truonun.  Idem,  v<^.  SO,  1B13,  p.  311,  and  i^oliiiltr 
by  Baetln,  idem,  vol.  31, 1913,  p.  103. 

>  For  example,  an  amphibcdtlA  derived  Inim  Ibneetcme  waa  shown  by  F.  D.  Adame  (Jour.  Oeclocy,  voL 
IT,  110),  p.  l)tafeUiiiidaraiahcsdbi(af  anvecgDoae. 
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Bedimentary  rocks,  is  often  revereed.  Dondnanoe  of  potash  over 
Boda,  tiion,  is  an  indication  of  sedimentary  origio.  Dominance  of 
magnesia  over  lime  is  another  similar  criterion,  and  any  excess  of 
alumina  over  the  1 : 1  ratio  necessary  to  balance  lime  and  alliahee 
is  still  another.  Unusually  high  sihca  also  affords  presumptive  evi- 
dence, which  by  itself  is  not  conclusive,  that  a  rock  was  derived  from 
sediments.  When  two  of  these  criteria  are  applicable  to  a  meta- 
morphio  rock,  there  is  a  Btrong  presumption  established  in  favor  of 
its  former  sedimentary  character.  When  three  apply,  the  conclu- 
sion is  almost  certain,  and  the  concurrence  of  all  amounts  to  positive 
proof.  The  analyses,  however,  must  relate  to  fresh,  unweathered 
material,  and  the  criteria  proposed  apply  only  to  silicates  which  might 
be  metamorphosed  plutonics  or  eruptivee. 
97270'— Bull.  816—16 U) 
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CHAPTER  XV. 

METALLIC  ORES. 
DEFINITION. 

From  a  strictly  scientific  point  of  view,  the  tcmiB  metallic  ore  and 
ore  deposit  have  no  dear  significance.  They  are  purely  conventional 
expressions,  used  to  describe  those  metalliferous  minerals  or  bodies 
of  mineral  haying  economic  value,  from  which  the  useful  metals 
can  be  advantageously  extracted.  In  one  sense,  rock  salt  is  an  ore  of 
sodium,  and  limestone  an  ore  of  calcium;  but  to  term  beds  of  these 
substances  ore  deposits  would  be  quite  outside  of  current  usage. 

In  the  previous  chapters  of  this  work  several  forms  of  ore  deposit 
have  been  described;  and  therefore  the  present  chapter  is  in  some 
measure  supplementary.  Its  purpose  is  to  deal  with  the  subject  more 
fully,  and  especially  to  give  details  concerning  certain  groups  of  ores 
which  have  been  left  out  of  account  hitherto.  Little  has  been  said 
so  far  of  the  sulphides,  and  these  are  among  the  most  important  of 
economic  minends.  Their  genesis,  their  deposition  in  veins  or  pock- 
eta,  their  alterations  and  transferences  are  yet  to  be  considered. 

Upon  the  classification  of  ore  deposits  there  has  been  much  contro- 
versy, and  various  systems  are  in  vogue.'  To  the  geologist  or  miner 
this  question  is  most  important;  to  the  chemist  it  is  lees  fundamental. 
Regurded  from  the  genetic  side,  a  large  part  of  the  field  has  been 
already  covered;  and  it  is  easy  to  see  tiiat  many  ore  deposits,  if  not 
all,  fall  under  the  headings  of  e&rUer  <^aptei8.  For  example,  ob- 
tain metallic  ores  occur  as  volcanic  sublimates;  others,  like  the  titan- 
iffflrous  magnetites,  are  magmatic  segregations,  or  local  developments 
of  igneous  rocks.  The  sands  and  gravels  that  yield  chromite,  tin- 
stone, gold,  platinum,  etc.,  are  detrital  in  character;  many  manganese 
and  iron  ores  are  sedimentary  rocks,  and  from  the  latter  metamorphic 
beds  of  magnetite  or  hematite  are  derived.  Some  ore  bodies  are  resi- 
dues from  the  concentration  of  limestones;  others  represent  meta- 
somatic  rej^acements;    others  ^ain  are  deposited  or  precipitated 

1  Fcr  reont  papers  uid  wcrks  on  tlila  sablact,  sas  F.  Falepaf,  Tma,  Am.  Inat.  win  Ess-,  vdL  3^  180^ 
p.  W,  J.  H.  L.  Vogt,  Msm,  vol.  SI,  UOI,  p.  13S;  L.  Da  LauiU7.  CoatrlbutloD  k  FMnde  im  gtia  mMalll- 
Ora,  Pirb,  1807;  1.  F.  KBmp,  On  diipcslla  of  the  Unllad  SlsUs  and  Cvud^  Nnr  York,  ISOO;  W.  H. 
Weed  and  J.  E.  Span-,  Eog.  uid  Ktn.  Jam.,  toL  71, 19D3,  p.  2M;  B.  Bick,  Ldirg  von  im  bilagvstittaD, 
Bvlln,  1903,  and  Ita  Englbh  tmuHtlon  b;  Waed,  New  Ycrk,  tSOS;  A.  W.  Stalsur  ind  A.  Btrgnt,  DIa 
SnIagKStattm,  Lalpilg,  IDM;  C.  R.  Van  Hba,  A  tnattae  on  meltunvphisni:  Mm.  V.  B.  0«oL  Barrar, 
T(ri  47,  JSOI,  chapter  13;  W.  H.  Waad,  Trans.  Am.  Hat.  Ufn.  Eng.,  ToL  K,  l«B,  p.  717;  C.  B.  Eayaa, 
Idttn,  VOL  ao,  im,  p.  323;  O.  QOrtdi,  ZelUcbr.  prakt.  Qeologia,  IBM,  p.  173;  ?.  Beradil^,  P.  1Cna±, 
and  J.  H.  L.  Voft,  Dla  LogmtJlttai  der  nutxbann  UlncnUm  imd  Gntsbia,  Stut^art,  inO.  An  Ei«lUi 
banilatlcii  o[  tdL  1  appaarad  In  1*14.  On  pp.  147-ua  Uive  fa  an  alaborata  dJ 
dauca  of  tha  haavy  mMali. 
626 


.;,Goo'^[c 


METALUC   ORES.  627 

from  solutions.  In  short,  an  ore  body  is  simply  a  concentration  of 
certain  compounds  of  certain  metals  effected  by  proceeses  with  which 
we  are  already  familiar.  Since,  howerer,  each  metal  forms  its  own 
special  compounds,  and  exhibits  reactions  peculiar  to  itself,  it  is  beet 
for  chemical  purposes  to  adopt  a  chemical  classification,  with  which 
the  broad,  general  principles  can  be  correlated.  Each  metal,  there- 
fore, will  be  treated  by  itseJf  as  a  chemical  individual  and  from 
a  chemical  point  of  view.  OeQlogicalty  it  is  important  to  know 
whether  an  ore  deposit,  laid  down  from  solution,  occupies  the  pores 
of  a  sandstone,  a  limestone  cavern,  or  a  fissure  in  the  rocks;  and  it  is 
also  desirable  to  ascertain  how  these  cavities  or  crevices  were  formed. 
To  the  chanist  these  considerations  are  for  &e  most  part  irrelevant; 
but  the  conditions  under  which  given  compounds  can  be  dissolved  or 
precipitated  are  fundamental.  What  are  the  components  of  ore 
bodies  ?  How  were  they  produced  ?  In  what  way  are  they  redifitrib- 
uted  t  These  are  some  of  the  questions  which  the  chemist  is  expected 
to  answer.  The  details  must  be  studied  with  reference  to  the  iadi- 
vidusl  metals;  but  some  general  considerations  require  attention  first. 

SOIXBCE  OF  METALS. 

Although  the  inunediate  derivation  of  metallic  ores  if  often  from 
sedimentary  rocks,  the  original  source  of  the  metals  is  to  be  sought 
in  the  igneous  magmas.'  In  igneous  rocks  of  some  sort  the  metals 
were  once  diffused,  and  their  presence  in  ouptive  material  is  easily 
detected.  G.  Forchhammer  *  in  a  series  of  rock  samples  found  traces 
of  silver,  copper,  lead,  bismuth,  cobalt,  nickel,  zinc,  arsenic,  anti- 
mony, and  tin,  to  say  nothing  of  the  commoner  metals,  iron  and  man- 
ganese. Some  of  the  same  elements  were  found  in  the  ashes  of  plants, 
which  had  extracted  them  from  the  soil.  From  these  experiments 
Forchhammer  concluded  that  ore  bodies  derived  their  contents  from 
the  neighboring  rocks,  a  conclusion  at  which  other  investigaton  have 
also  arrived.  In  an  elaborate  series  of  researches  F.  Sandbei^er ' 
found  that  the  dark  silicates  of  many  rocks  contained  lead,  copper, 
tin,  antimony,  arsenic,  nickel,  cobalt,  bismuth,  and  silver,  and  upon 
these  facts  he  based  his  famous  theory  of  "lateral  secretion."  'niat 
is,  Sandberger  concluded  that  metalliferous  veins  derived  their  me- 
tallic contents  by  lateral  leaclung  from  adjacent  rocks.  This  theory, 
however,  was  subjected  to  much  criticism  by  A,  Stelzner,  F.  PoSepn^, 
and  others,*  it  being  shown  that  in  some  instances  at  least  the  country 
rocks  might  have  received  secondary  impregnations  from  the  veins. 

<  0.  R.  Keys  (BalL  Am.  luat.  Un.  Bug.,  1010,  p.  S77)  baa  suggasMd  Iha  passibla  dwlTMlon  of  httyj 
metals  from  melamlUc  matto',  aspadaUy  met«cclo  dust. 

•  Pogj-  Aimalm,  voL  95,  p.  «0. 

>  Unlmachimgin  fiber  Engiiiga,  Wksbadcn,  ISS3  sud  1889.  ata  tlso  Naues  Iiihrb.,  ISTS,  p.  291,  on 
(Mppflr,  l«ad,  cobalt,  and  antlmoar  In  baalt. 

<  A.  SMnur,  Zatbdu.  Deatsch.  gcot.  OssetL,  vol.  31,  ISTB,  p.  OM,  and  njcdndar  br  T.  Saadbaigar,  Idam, 
TOL»,U80,p.8ta.    T.  PiXqm^,  Tnna.  Am.  Inst.  Ulo.  Eng.,  n^  3S,  U83,  pp.  StT-lM. 
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In  other  investigations,  some  earlier  and  some  more  recant,  the  dia* 
semination  of  heavy  metals  in  igneous  rocks  is  clearly  proved.  A. 
Daubr^e  *  found  detenuinable  quantities  of  arsenic  and  antimony  in 
basalt — namely,  0.01  gram  of  As  and  0.03  of  Sb  te  the  kilc^ram. 
The  same  metals,  together  with  lead  and  copper,  were  detected  by 
G.  F.  Becker '  in  the  fresh  granites  near  Steamboat  Springs,  Nevada. 
In  the  porphyries  of  Leadville,  Colorado,  W.  F.  Hillebrand  *  was 
able  to  determine  lead.  Out  of  18  samples,  taken  at  points  distant 
from  ore  bodies,  three  contained  no  lead,  the  richest  carried  0.0064 
per  cent,  and  the  average  was  0.002  per  cent  of  FbO.  One  porphyry 
yielded  0.008  per  cent  of  zinc  oxide,  and  a  rhyohte  contained  0.0043 
per  cent.  Silver  was  also  found  in  these  rocks  in  variable  quantities, 
the  best  average  givii^  0.0265  ounce  per  ton.  Gold,  although  some- 
times present  in  traces,  was  generally  not  found.  Traces  of  silver 
in  diabase  and  diorite  are  reported  by  G.  F.  Becker  *  near  Washoe, 
Nevada,  and  in  the  quartz  porphyry  of  Eureka  J.  S.  Curtis  *  found 
both  gold  and  silver.  Silver,  according  to  S.  F.  Emmons,*  is  also 
present  in  the  eruptive  rocks  of  Custer  County,  Colorado,  and  J.  W. 
Mallet  found  it  in  volcanic  ash  from  two  points  in  the  Andes.  Ash 
from  Cotopaxi  ^  carried  silver  to  the  ext«nt  of  1  part  in  83,600,  and 
ash  from  Tungur^ua '  yielded  1  part  in  107,200.  The  latter  quan- 
tity is  very  near  Hillebraud's  average  for  the  Leadville  porphyries, 
which  is  equivalent  to  1  part  in  110,000.  In  recent  volcanic  ash 
from  Vesuvius  E.  Comanducci '  found  0.08S4  per  cent  of  copper 
oxide,  with  0.0038  of  cobalt  oxide. 

In  four  rocks — granite,  porphyry,  and  diabase  from  the  Archean 
of  Missouri — J.  D.  Robertson '"  determined  the  following  percentages 
of  lead,  zinc,  and  copper: 

Fb,  0.00197  to  0.0068;  average,  O.OOi. 


Fb,  0.00197  to  0.0068;  average,  0.004. 
Zd,  0.00139  to  0.0176;  average,  0.009. 
Ou,  0.00240  to  0.0104;  average,  0.006. 


The  adjacent  Silurian  and  Carboniferous  limestones  also  contained 
these  metals,  but  in  slightly  smaller  proportions. 

According  to  L.  Bieulafait,"  who  tested  hundreds  of  rocks,  zinc 
and  copper  are  always  to  be  detected,  and  they  are  also  present  in 
sea  water.    Copper  salte,  it  will  be  remembered,  are  often  found 


Compt.  Read.,  vol.  33,  IBM,  p.  S27, 

UOL  U.  S.  Oeol.  Surrey,  vol.  13,  IS88,  p.  350. 

Idem,  vol.  12,  ISSe,  pp.  MI-fiH. 

Idem,  vol.  3, 1§S2,  pp.  123^237.    Asafa  by  J.  8.  Curtis. 

Idam,  vol.  7,  ISM,  pp.  90-93. 

B«v«itnnth  Ann.  Kept.  U.  S,  0«aL  Survey,  pt.  3,  isee,  p.  471.    Anajv  by  L.  O.  EftUns. 

Cham.  Xtvs,  -rol.  S,  1SS7,  p.  17. 

Free.  Roy.  8oc,  vol.  47, 1890,  p.  277. 

Ota.  chlm.  IW.,  vol,  36,  pL  2, 1906,  p.  TW. 

Ulnoorl  asoL  Borvsy,  vol.  7, 18M,  pp.  47S-481. 

Ajuutlcs  shim,  phyi.,  filh  wi.,  vol.  IS,  ISTR,  p.  340;  vol.  31,  US),  p.  3U. 
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among  Hie  sublimates  of  VesuTlus,  Stromboli,  and  Etna,  and  A.  B. 
Lyons  ■  observed  copper  sulphate  in  the  crater  of  Kilauea.  In  15 
Hawwian  lavas  Lyons  found  from  0.07  to  0.48  per  cent  of  copper 
oxide;  in  average,  0.18  per  cent.  O.  Steiger,  however,  in  the  labora^ 
tory  of  the  United  States  Geological  Survey,  analyzed  a  composite 
sample  of  71  Hawaiian  lavas  and  found  only  0.0155  per  cent  of  cop- 
per, showing  that  Lyons's  %ures  are  doubtless  much  too  high.  A 
large  series  of  igneous  and  metamorphic  rocks  of  British  Guiana, 
analyzed  by  J.  B.  Harrison,*  also  yielded  appreciable  quantities  of 
copper,  wi^  sometimes  other  heavy  metals.  Li  36  rocks  examined 
6  contamed  no  copper,  12  contained  it  in  traces,  and  one,  a  f  eldspathic 
tuif,  carried  0.13  per  cent.  The  average  percentage  of  copper  for  the 
entire  series  was  0.025.  In  23  samples  lead  was  sought  for  and 
found  in  5  of  them,  the  maximum  percentage  being  0.02  per  cent. 
Eight  rocks  yielded  silver,  from  4  to  54  grains  per  ton  of  2,240 
pounds,  in  average,  25.6  grains;  and  out  of  29  rocks  only  1  was  free 
from  gold.  The  highest  gold  was  43  grains  per  ton;  ihe  mean  was 
6.5  grains. 

Even  more  positive  evidence  as  to  the  wide  distribution  of  the 
heavy  metals  was  obtained  by  F.  W.  Clarke  and  G.  Steiger.*  Large 
composite  samples  of  igneous  rocks,  clays,  and  river  silt  were  ana- 
lyzed, and  in  them  copper,  lead,  zinc,  nickel,  and  arsenic  were  deter- 
mined. The  results  obtained,  in  percentages,  appear  in  the  following 
table: 

Pereentaga  of  heavy  metalt  in  oomponU  tample$. 

A.  Tbe  "nd  tStj"  ol  the  ocwnio  depthi.  Composite  ol  Gl  mmplca,  dndgsl  from  tbe  MO  bottom  aal 
npmmUttn  of  all  tbe  gnat  ocduia.  Tbe  laieer  psrt  of  thb  mauilal  vu  nollactad  br  Hie  ChiUnwer 
BxpVittlBa.  DetetinfciatlaDS  (by  E.  C.  Sullivan)  ol  CnO,  ZnO,  PbO,  and  AsiOt  made  on  UCkgram 
porttooi. 

B.  "Terrlgtoansclajn,"  ^moecBnlcdepthiotlMloa.ISObtboms.  CompoalCe of  E2 nmpla, name]?, 
4  "EraoB  mnds"  and  48  "blue  muds,"  abo  mainly  from  the  CliaBengtr  Bxpeditton.  Determlnatliiiia  made 
on  aoiKEiBm  pactloas. 

C.  Compoilta  of  2SS  nmplta  of  Ulsatelppl  aflt.   For  tbe  beavy  metab  XIHStian  portSona  wae  taken. 

D.  Composite  of  3K)  Igneooa  nclB,  oU  American.    DeteimlnatlonsanS&fiamporUons. 


A 

B 

" 

D 

Average. 

0.0320 
.0010 
.0073 
.0200 
.0062 

0.0630 
Trace. 
.00(M 
.0160 
.0070 

0.0170 
.0004 
.0002 
.0043 
.0010 

0.00665 
.00074 
.00081 
.01167 

.00638 

pg5' :'::;' 

In  the  forgoing  pages  only  a  part  of  the  available  evidence  has 
been  presented,  but  it  is  enough  to  establish  the  point  at  issue.  The 
heavy  metals  are  widely  disseminated,  both  in  old  and  in  recent 


1,  Fiji,  n.  I 


le  quantity  waa  foond  by 


1  Am.  Joar.  Bd.,  4th  aw.,  vol.  2, 1896,  p.  421  b  andulte  from  L> 
pwcwt  of  coppB,  man  avenge.  Chem.  Neva,  vol.  W,  IW,  p.  34 
B.  C.  Welti  In  a  aample  li  the  Cohunbla  Blvar  basalt,  vhldi  covers  a  larga  area. 

>  Bgpb  CO  petngnphy  <rf  Cuyiuil  and  Uaianml  districts,  QeorEetown,  Demcrara,  IMS.  On  gold  and 
dv«r  bi  dlatnae,  Frvdi  Oulana,  sea  E,  D.  Levat,  Annalea  dM  mbiM,  Mb  Mr.,  voL  13, 1808,  p.  188;  ud 
abo  Id  Uln.  Indnstry,  vol.  7,  p.  31S. 

'Jour,  WtablagMa  Acad.  Scl.,  voL  4, 1914,  p. »'  C\h  )iM  C 
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igneous  rocks,  from  which,  by  proper  methods,  they  can  be  concen- 
trated. In  the  laboratory  of  the  United  States  Geological  Siurey 
such  metals  as  nickel  and  chromium  are  often  quantitatively  esti- 
mated, as  shown  in  the  table  on  page  32.  Copper  is  determined 
in  exceptional  cases  only,  but  indications  of  its  presence  are  fre- 
quently observed.  Of  its  wide  distribution  in  igneous  rocks  there  is 
no  shadow  of  a  doubt.  From  the  rocks  all  of  these  metals  are 
leached,  and  traces  of  them  accumulate  in  the  sea.  They  also  appear 
in  many  mineral  springs,'  a  fact  which  is  capable  of  more  than  one 
interpretation.  Such  a  spring  may  derive  its  contents  from  dispersed 
material,  or  it  may  rise  from  a  segregated  body  of  ore;  its  composi- 
tion, therefore,  merely  tells  us  that  the  metalliferous  compounds  are 
more  or  less  freely  soluble.  The  true  origin  of  the  latter  is  not  thereby 
explamed. 

That  sulphides  of  the  heavy  metals  can  be  dissolved  in  or  decom- 
posed by  water  alone,  there  is  some  experimental  evidence.  P.  De 
Clermont  and  J.  Frommel '  found  that  sulphides  of  iron,  nickel, 
cobalt,  antimony,  arsenic,  silver,  and  tin  were  attacked  by  boiling 
water,  hydn^en  sulphide  being  given  off.-  Some  were  acted  upon 
even  at  temperatures  below  100°;  As^  at  22°,  FeS  at  56°,  Ag^  at 
89°,  and  Sb,Sj  at  95°.  The  sulphides  of  copper,  zinc,  mercury,  cad- 
mium, gold,  platinum,  and  molybdenum,  treated  in  the  same  way, 
gave  no  evidence  of  decomposition. 

C,  Doelter's  experiments  *  were  conducted  differently.  The  natural 
sulphides,  in  Sue  powder,  were  heated  with  water  in  glass  tubes  to 
80°  during  periods  of  30  to  32  days.  In  a  second  series  of  experiments 
lasting  24  days,  a  solution  of  sodium  sulphide  was  used  instead  of 
water.     The  following  percentages  of  material  passed  into  solution: 

Mattrial  diuolvtdfrom  natural  widplndet  in  ieaUr  and  in  •odtwn  milphide  tobition. 


Oaleofl 

Stibnite 

Pyrite 

Blende 

Chalcop^to 

Boumonite 

Aneuopyrito 

In  most  of  these  experiments,  but  not  in  all,  the  dissolved  substance 
had  the  same  composition  as  the  original  material.  That  is,  the 
minerals  dissolved  as  such,  without  decomposition — a  conclusion  that 

■BeeanM,  p.  1G8,  Ibr  cxamplas.  The  traou  o[  heavy  mMslnrhlcb  ipring  wUot  oanUfa  m  Dftca  mv* 
fmOy  dsMcIed  In  UiaEr  Eadinuots:  thU  la,  Uuf  beoom*  mnaeMnlei  ta  tb»  boolaHt  predpUaUs  ttiM 
^rlng  iraUra  onan  dtposll. 

■  ^nTMkii  eUm.  phya.,  Stb  aa.,  toL  IB,  1S7S,  p.  ISB. 

•  |fjii.pM.  lCltt.,TDLll,la»,p.  SIV.    TlMw rch  wmttamd  by  O.  A.  Bfaidar,  Idwn,  vol.  13,  UBl,  p.  TO. 
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was  strengthened  by  the  observation  that  in  most  cases  new  crystal- 
lizations were  formed.' 

According  to  Doelter,  then,  sulphides  may  be  dissolved  and  recrys- 
taUized  from  water  alone.  This  is  important,  but  not  a  complete 
indication  of  what  occurs  in  nature.  Katural  waters,  as  we  well 
know,  are  not  pure,  but  charged  with  various  dissolved  salts,  which 
exert  a  varying  influence  upon  the  solution  of  sulphides.  They  also 
contain  carbonic  acid,  and  sometimes  also  the  stronger  mineral 
acids;  and  surface  waters  carry  dissolved  oxygen.  All  of  these 
impurities  take  part  in  the  solution,  concentration,  and  redistribu- 
tion of  metalUc  ores,  and  their  effects  are  furthermore  varied  by 
differences  of  temperature.  A  hot  water,  rising  from  great  depths 
and  free  from  oxygen,  produces  one  set  of  changes;  a  cold  surface 
water,  highly  oxygenated,  acts  quite  differently.  Direct  solution  of 
ores  is  more  likely  to  occur  in  the  one  case,  oxidation  to  soluble  salts 
is  commonly  evident  in  the  other.  The  main  fact,  that  solution  is 
effected  in  one  way  or  another,  is  well  illustrated,  not  only  by  the 
composition  of  mineral  springs,  but  abo  by  the  analyses  of  mine 
waters.  For  example,  in  a  water  from  a  mine  shaft  near  Broken 
Hill,  J,  C.  H.  Mingaye  *  found,  in  grains  per  gallon,  8.40  copper, 
10.67  zinc,  21.82  cobalt,  and  6.71  nickel.  The  water  was  strongly 
acid.  Two  analyses  of  mine  waters  from  the  Comstock  lode,  cited 
by  J.  A.  Eeid,'  are  accompanied  by  assays  for  gold  and  silver.  The 
more  concentrated  of  these  waters  contained  188.09  milligrams  per 
ton  of  water  in  silver,  with  4.15  milligrams  in  gold.  This  water  was 
also  strongly  acid. 

An  extraordinary  water  from  a  mine  tunnel  at  Idaho  Springs,  Colo- 
rado, analyzed  byK.  C.  WeUs  in  the  laboratory  of  the  United  States 
Geological  Survey,  contfuned  nearly  8  grams  per  liter  of  an  oxide 
of  molybdenum,  probably  the  so-called  soluble  molybdenum  blue. 
The  water  also  contained  a  large  amount  of  free  sulphuric  acid,  and 
was  a  dark  greenish  blue  in  color  and  only  transparent  in  very  thin 
layers.  The  molybdio  compound  formed  about  25  per  cent  of  the 
total  impurity.  Other  typical  mine  waters  are  represented  in  the  fol- 
lowing table  of  analyses,  which,  when  not  otherwise  stated,  were  made 
in  the  laboratory  of  the  United  States  Geological  Survey.  All  are 
reduced  to  the  uniform  ionic  standard  and  to  parts  per  m^on.* 

■BtnimorerecisntlyO.  WslgalCNacIuJcIiteaX,  OeMll.  OStUngBi,  Ualb.-phTB.  Eluw,  IKS,  p.  S29}  baa 
dalBimfofid  th«  aoIublUIy  In  pure  vater  ot  the  lulplildes  of  Pb,  Hg,  Ag,  Cu,  Cd,  Zn,  Nl,  Co,  Fa,  Un,  Sn, 
Aa,Sb,aailBL  AllvreredlgliUTwlubia.  FoTaiiate'k]giiientafllilapi««r,BwZ«ttaObi.phrilkBl.Cbamk, 
VoL  SS,  1K7,  p.  293. 

■  Itecoid3  Oeol.  Surrey  Naw  Boatb  Walai,  vol.  S,  IMS,  p.  2aS. 

'Bull.  Dept.  Oaology  UdIt.  CalUDmla,  ml.  4,  pp.  ISt,  im.  In  tba  Bame  Tohnna,  p.  SS,  A.  C.  LnnoD 
{Ina  an  analyib  of  wal«  from  tba  Buth  mloe,  Boblnaon  district,  Narada. 

'FoiothsaOBlyiiasafmlnewatera.sael.A.Phllltps,  Plilloii.UaE.,lthMr..Tal.4i,lSn,p.401;A.S<!tiraiif, 
Jabrb.  EL-k.  eeol.  Bdduauitalt,  vdL  41,  ISSI,  p.  3^  A.  C.  Lane,  Pno.  l>akB  Saptrlor  Hln.  Init,  vol  13, 
IHK,  p.  «?;  W.  B.  Emnuiu  and  a.  L.  Eairlngtsn,  KoOD.  Oeology,  toL  8,  p.  gS3, 1913;  W.  J.  SharwDod, 
ldam,TaI.e,p.7U,lU!;C.R.VanHiseandC.  X.Lettb,Uon.U.S.G«ol.SiirTa7,vii.fi3pp.513,fin,llUl; 
J.B.lfadaurlD,tiULAi]n.KapLDamliikinLabmt(iT7,NairZaalani1,ma,pp.47,W.  Alanotbcnban 
•Inady  bean  dted  In  tba  chapter  on  mineral  sprlnga.  F.  Fulapnf  (Trans.  Am.  Inat.  Un.  Eng.,  toLS, 
un,  p.  340]  bu  tabulalad  tbe  occairanna  of  So,  Sb,  Cu,  mad  Aa  In  mlnKal  vaten. 
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AtuUyia  of  mine  waten. 

A.  Wattr  from  nofcot  kvd  of  Qaj^K  mine,  cuitw  County,  Coluado. 

B.  Bunelao4llty  u  A,framtb«3,00(Mi>otl«v«L  Conttliu  &lw  traoa  of  Br,  I,  F,  utd  BiOi.  AutTH* 
AandBbyW.r.HUIebnuid.  Dfaconadbr S.F.£mmDni,BaTmt«mUi Aim.IU9t.U.S.0«(d.SiirT9, 
pt.  2,  IRM,  p.  «3. 

C.  WU«'fromtliaBtaal9iiiliia,Id£baSprlnp,OaIonilo.  AlMtrsn  11T  L.  J.  W.  Jonai,  Pido.  Odnado 
BsL  Boo.,  vol.  S,  1887,  p.  48. 

D.  Hot  w*t(r  from  ■  bort  bole  1,3M  fwt  dnp,  In  Uie  Hlqp«h  mID^  Tonopali,  HerWla.  Amlysb  by 
B.C.  'Wcllg.   BICAibonata  fa«n  tedooed  to  Domul  orboiutM. 

E.  Wats  from  St.  Lawnace  mln^  Batt*,  tCoDtuw.   Aualrita  b;  BlUelnnd. 

T.  Water  from  lIaailttblVl«ir>nW,BDtta,)fant«na.   AntJjmb  b;  HUletvwid.   Contabu  &  tnoe  <tf 

0.  Tata  from  Atabama  Coon  mlna,  TopUn  district,  ItkaoarL   Anatytlt  hj  n.  N.  Btidns. 

H.  Wat(c  from  the  Victor  rnlno,  JopUa  district.  Analysb  by  H.  A.  Buehltr  and  V.  A.  GottiKbalk:, 
Eooa.OeoloeT,Tol.S,l(llO,p.28.  Tliaaiitlioni1»ElTettiraaatba'UUJ;KaalIaplInmIiiairat«s.  TlMlr 
(tud;  rtiatn  to  the  oxidation  of  mlphlde  ona,  and  tba;  And  tliat  pTrita  or  marcaslla  aonlstfw  tb*  mo- 
ttvitf  of  otlw  sulphldaa.  Two  more  analfMis  ol  ifno-b<ailn[  mSm  watvi  from  tbe  ItqiUn  dhtflct  «i« 
nported  by  C.  F.  WUUams,  Am.  Cbemlst,  vol.  T,  1S7T,  p.  2M.  Bm  (bo  E.  B.  E.  Bailey,  Wat«r«appl7 
Tuftt  V.  B.  atol  SoTTty.  So.  373,  1911,  p.  S4S. 

1.  Wattr  from  the  Bum  Bans  mlna,  Ducktomi,  Tamoaea.  Ona  of  a  Mrlea  of  ilx  analya^  ot  mbN 
waUn  by  B.  C.  Walls. 

I.  WaterfromtbaRot)udiSob«rtvSlolln,PreIba:t<Buany,BlltipoIntDtiIbchar|eliitotheTrleU9efa 
VaUey.   Analyili  by  Franiti.   Docrtbodby  H.  Uaihr,  Jabib.  Bns-u.  Hflttanw.  KOnlg.SaelBan,  ISE, 
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43.2 
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186.40 

161. 70 

1,613.44 

1.60 
Trace. 
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Trace. 

13.0 
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Trace. 
37.4 
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106.27 

a4 

ma 
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39^6 

187. 15 
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12.28 

1.4 
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164.82 
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Trace. 
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.02 
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METALLIC   OBES. 
Analitut  o/vtme  waten — Continued. 
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<! 

H 

I 

J 

17.7 

71,053.3 

L5 

6.  S 

«.7 

Tr»ce. 

307.7 

149.2 

85.2 

2.7 
6, 153. 2 

a65 

1, 647. 58 

ai 

6,66i0 

80. 

.5 
49.9 
None. 
345.3 
25.2 
142.1 
\     474.  e 
L7 

3.20 
13.02 
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23.4 

Na 

Ca  . 

26a  45 
4a  60 
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67.6 

40.6 

433.0 

None. 

2, 17a  0 

.2 
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}      " 

49.8 
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3.6 
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45,633.2 
411.2 

Hn 

3.7 

2,412.0 

9.0 

107.6 

312.1 
199.8 

345.10 

Cd 

67.4 
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25L70 

55.8 
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117, 846. 0 
8.9 

9, 727. 6 

2, 75L  00 
87.0 

10, 12a  8 
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Analysis  A  represents  vadoso  or  superficial  water;  B,  water  from 
the  deep  circulation.  The  difference  in  concentration  is  remarkable. 
Water  F  is  essentially  a  strong  solution  of  copper  sulphate,  formed 
by  oxidation  of  sulpludes.  Such  waters  are  common  in  copper  mines, 
and  from  them  the  copper  can  in  many  cases  be  profitably  recovered. 
The  Ducktown  water  is  also  noteworthy  on  account  of  ifa  high  pro- 
portion of  ferrous  sulphate.' 

The  phenomena  of  solution,  then,  are  evidently  of  supreme  import 
tance  in  the  concentration  of  metallic  ores.  This  statement  can  be 
given  the  broadest  possible  construction.  A  magmatic  ore  owes  its 
a^egation  to  a  relative  insolubihty  in  the  magma.  A  residual  or 
detrital  ore  is  formed,  at  least  in  part,  by  the  removal  from  a  rock 
of  the  more  soluble  constituents,  the  less  soluble  thereby  becoming 
concentrated.  Sedimentary  ores  are  deposited  from  solutions,  either 
directly  or  by  precipitation,  and  metalliferous  vans  represent  an- 
other aspect  of  the  same  processes.  The  original  magmatic  rocks 
are  separated,  by  solution  or  leaching,  into  different  fractions;  and 
then,  by  direct  deposition,  by  precipitative  reactions,  or  by  metaao- 
matic  replacements,  ore  bodies,  and  especially  vein  fillings,  are  formed; 
In  most  cases,  probably,  the  final,  workable  deposit  is  the  outcome 
of  a  series  of  concentrations,  the  result  of  several  interdependent  proc- 
esses, but  the  underlying  principles  are  the  same.  By  differences  of 
BolubUity,  the  constituents  of  the  earth's  crust  are  separated  from  one 

■  Fv  lb*  ittnarkBUt  calcfiim  ddorid*  wat«ca  of  tha  Lalu  Si^akr  oopptr  ragfon,  n*  mta,  p.  18f. 
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another,  to  be  laid  down  again  under  different  conditions  and  in 
different  places. 

The  two  fundamental  facts  with  which  we  now  have  to  deal  are 
the  dissemination  of  the  heavy  metals  in  the  igneous  rocks  and  the 
circulation  of  the  undei^;round  waters.  Descendii^,  meteoric  waters 
effect  some  of  the  observed  concentrations;  lateral  secretions  bring 
about  others,  and  waters  ascendii^  from  unknown  depths  play  their 
part  in  the  complex  of  phenomena.  Whether  these  waters  have  a 
common  origin  or  not  is  unessential  to  the  present  discussion.  It  is 
held  by  soma  writers,  notably  by  Sueas,  that  certain  of  the  ascending 
waters  arise  from  the  original  magma  and  now  see  the  light  of  day 
for  the  first  time.  This  conception  has  been  correlated  with  the 
notion  that  the  heavier  metals,  by  virtue  of  their  high  specific  gravity, 
are  concentrated  at  great  depths,  from  which  the  solvent  waters 
bring  them  to  the  surface.^  Speculations  of  this  sort  are  interesting, 
but  not  necessary  for  present  purposes.  The  fact  that  the  ascending, 
deep-seated  waters  are  hot,  and  therefore  more  powerful  as  agents 
of  solution,  is,  however,  most  pertinent. 

The  general  principles  governing  the  drculation  of  the  under- 
ground waters  have  been  elaborately  discussed  by  Van  Bjse,'  and 
need  not  be  especially  considered  here.  The  ai^uments  are  mainly 
physical  and  geological,  and  have  only  partial  relation  to  chemistry. 
These  waters,  ascending,  descending,  or  lateral  se^eting,  tend  to 
gather  into  trunk  channels,  in  which,  sooner  or  later,  some  of  the 
substances  held  in  solution  are  deposited.  Ore  bodies  are  thus 
formed,  but  only  in  exceptional  cases.  By  far  the  greater  number  of 
veins  are  barren  of  heavy  metals,  or  at  least  so  nearly  barren  that 
they  need  not  be  further  described.  Once  in  a  while  concentrations 
of  heavy  metals  are  produced,  and  in  most  cases,  but  not  invariably, 
they  appear  in  association  with  rock  of  igneous  origin.*  This  asso- 
ciation seems  to  be  fundamentally  important,  so  far  as  the  metal- 
liferous veins  are  concerned,  and  the  problem  of  their  origin  is  the 
only  one  now  before  us.  Magmatic,  sedimentary,  and  detrital  ores 
fall  under  other  headings. 

An  igneous  effusion  forces  its  way  to  the  surface  of  the  earth, 
thereby  displacing  and  fracturing  the  rocks  which  were  in  its  path. 
As  it  cools  and  shrinks,  other  crevices  are  formed,  through  wluch 

i3«aL.  DeliSiiiuyiCaDlrfbuthiti  kVitoAaiiagitiaiailtiliaia,  JB77,  p.  0;  mdP.Pi^epiiy,  Tram.  Am. 
Inst.  Hfn.  Enc,  vd.  Z3,  IW,  p.  2M.  1.  H.  L.  Vogt  (Tnie.  Am.  Inst.  Uln.  EnC-,  vol.  31,  ItOl,  p.  115) 
■nd  dsD  C.  R.  Van  HiBe<A  treatise  DC  inetamorphlsia:  Uon.  U.  B.  0«al.  Survey,  ToL  47,  leM)  dbMntftom 
this  view.  Tbs  Importuica  ol  nugmstlo  irsUci  u  vein  Ollm  his  txeti  recently  iigned  bj  i.C.Bpmtett, 
Tniis.Ain.Iast.Uln.Biij.,vol.36.im,p.  BM.  Tham^in*tlowitecssreregBrd<db;).E.  BpaiT(Bank. 
Oeology,  voL  i,  1907,  p.  781)  as  roMuM  raprismCliig  the  last  stage  of  magniatki  dUtwUatJcn;  md  b 
them  the  heavier  met^  wd  othv  vidn-fllUng  materials  an  supposed  u  be  ooncinitntea. 

■  A  tTMttlie  on  metumphlsm:  lion.  U.  8.  Oeol.  Survey,  vol.  47,  IKH,  ch^Ui  13. 

•  Bee  Beck's  work  on  ore  d^oalts.  Also  p^n  by  J,  F.  Kemp,  Trans.  Am.  Inst.  Uln.  Eag.,  voL  31, 
UOl,  p.  l«l;  vnl.  83,  im,  p.  a»,  J.  E.  Bpmr,  Uem,  voL  33,  ItOa,  p.  ISS;  W.  H.  Weed,  Usm,  voL  13,  IflO, 
p.  ns;  W.  lindcnD,  Idem,  vol.  M,  IVDO,  p.  STB. 
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also  the  mineralized  waters  can  find  a  passage.  These  waters  may 
be  partly  magmatic,  brought  with  the  igneous  matter  from  the 
depths,  or  partly  gathered  from  sedimentary  material;  but  whatever 
may  have  been  their  source,  they  are  heated,  and  therefore  their 
BolTent  power  is  increased.  During  sohdification,  moreover,  any 
water  t^at  was  entangled  within  the  molten  rock  is  extruded,  carry- 
ing its  dissolved  load  into  the  open  channels.  A  blend  of  waters  from 
different  sources — deep  seated,  superficial,  and  magmatic — enters 
t^e  crevices  of  the  rocks,  each  part  of  the  mixture  contributiDg  its 
share  to  their  filling.  The  solutions  thus  commin^ed  are,  more- 
over, not  all  alike,  and  therefore  chemical  reactions,  such  as  double 
decompositions  and  precipitations,  become  possible  between  them. 
The  frequent  concentrations  of  ores  at  points  of  intersection  between 
two  veins  may  possibly  indicate  reactions  of  this  kind.  These 
changes  are  also  complicated  by  reactions  between  intruded  rock  and 
the  formations  which  it  has  penetrated,  and  they  vary  with  variar- 
tioDS  in  the  latter.  Some  ore  deposits  are  evidently  produced  in, 
zones  of  contact  metamorphism,  especially  in  limestones,  and  the  ores 
are  then  associated  with  such  characteristic  minerals  as  garnet,  wd- 
lastonite,  pyroxene,  vesuvianite,  and  so  on.*  Aqueous  solutions  take 
part  in  some  of  these  changes,  penetrating  the  walls  of  the  contact 
and  bringing  about  metasomatic  replacements.* 

In  the  ascent  of  an  igneous  intrusion,  with  its  entangled  waters,  the 
so-called  pneumatolytic  processes  appear  to  have  some  importance. 
The  molten  magma  contains  gases  and  vapors  other  than  ^e  vapor 
of  water,  as  we  know  from  the  phenomena  of  volcanism.  Whether 
these  gasee  are  occluded,  or  evolved  by  reactions  within  the  magma,  is 
not  material  to  the  present  discussion.  In  volcanic  craters  they  form 
sublimates  containing  copper,  iron,  and  other  heavy  metals,  which 
often  consist  of  chlorides.  Ammonium  chloride,  fluorine  compounds, 
and  boric  acid,  which  last  is  volatile  in  steam,  are  other  common  sub- 
stances in  volcanic  emanations. 

In  ore  formation  the  magmatic  chlorides  and  fluorides  probably 
have  defimte  functions.  In  the  molten  rock  they  convert  some  part 
of  the  heavy  metals  into  compounds  which  are  volatile  at  high  tem- 
peratures and  which  therefore  tend  to  gather  at  the  matgina  of  the 
intrusions.  There,  being  soluble  in  water,  they  pass  into  solution, 
and  so  find  their  way  into  the  open  channels  wherein  deposition  takes 
place.  With  them  other  substances  are  deposited,  forming  the 
gangue  minerals — calcite,  quartz,  barite,  fluorite,  etc. — in  even  larger 
amoimts. 

1  an  W.  Llndcran,  Trans.  Am.  IdhL  Uln.  Eng.,  vol.  31,  IflOl,  p.  336. 

I  UndiKD,  Una,  vol.  30,  IMO,  p.  £78.  These  oontact  dcixislta  uid  tnttataioatlo  altcntlMis  Ml  lull; 
dtKribtdbr  Lliid^an,vliOElvM«cMUoit)nmmar[<softb«earUtrUUralura.  L«l(t  p^en  bjr  Undcnm 
ga  on  dapvaiU  an  tn  Xwn.  Qwilag;,  ToL  S,  11KB,  pp.  Ids,  743. 
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The  heavy  metals,  however,  are  not  laid  down  as  chlorides  or  fluor- 
ides except  in  rare  instances;  hut  in  other  forms  chlorine  and  fiuonne 
have  acted  as  primary  agents  in  bringing  about  their  concentration, 
water  tends  to  hydrolyze  the  salts  thus  fonued,  other  solutions 
react  with  them,  and  quite  different  compounds  are  precipitated.  In 
the  case  of  tin  the  oxide  is  commonly  produced;  the  other  metals 
tend  to  appear  as  sulphides.  Chlorine  and  fluorine  act  only  as  tem- 
porary carriers  of  the  metals,  and  when  their  work  is  done  they  enter 
into  other  combinations.  Fluorine  remains  in  a  gangue  mineral, 
fluorspar;  the  chlorine  returns  into  circulation  as  a  soluble  alkaline 
chloride;  that  is,  as  common  salt.     I  cite  only  the  simplest  cases. 

The  pneumatolytic  process  thus  outlined  is  lai^ely  inferential  and 
may  not  be  entitled  to  much  weight.  Nether  is  it  exclusive.  We 
know  that  certain  sulphides  are  magmatic  minerals,  and  we  have  seen 
that  they  can  be  either  dissolved  or  decomposed  by  heated  waters. 
In  the  depths  they  would  pass  into  solution  with  some  evolution  of 
hydrogen  sulphide,  as  shown  by  the  experiments  of  De  Clermont  and 
fVommel  and  in  the  researches  of  Doelter,  The  dissolved  sulphides 
would  be  redeposited  by  the  cooling  solutions,  and  the  hydrogen  sul- 
phide would  serve  aa  a  precipitant  for  the  chlorides  or  sulphates 
which  we  assume  to  have  been  otherwise  formed.  The  phenomena 
must  also  vary  as  the  magmatic  waters  happen  to  be  alkaline  or  acid, 
solution  predominating  in  the  one  case  and  decomposition  in  the 
other.  Carbonated  waters  are  to  he  regarded  as  intennediate  waters 
from  this  point  of  view,  which  decompose  sulphides  at  first  and  gen- 
erate actively  solvent  solutions  that  come  into  play  later.  That  is,  a 
water  containing  alkaline  carbonates  and  free  carbonic  acid  should 
decompose  the  sulphides  at  great  depths  under  the  conditions  there 
existing  of  high  temperature  and  pressure. 

Alkaline  sulphide  solutions  would  thus  be  formed,  in  which  the 
sulphides  of  the  heavy  metals  are  variably  soluble.  In  such  solutions 
the  sulphides  of  tin,  arsenic,  and  antimony  dissolve  freely  and  other 
sulphides  in  very  much  smaller  amounts.  A  partial  separation  should 
be  thus  effected,  exactly  as  in  the  operations  of  on  analytical  labora- 
tory. These  suppositions,  however,  need  to  he  tested  by  experiment; 
until  that  has  .been  done,  they  are  only  tentative. 

We  can  not  assume  that  all  metalliferous  veins  are  alike  in  ori^n, 
and  it  is  therefore  unwise  to  generalize  too  sweepingly  about  them. 
We  may,  nevertheless,  imagine  a  typical  case  and  follow  a  series  of 
concentrations  throughout  its  probable  course,  beginning  with  the 
BtiU  unconsolidated  magma.  But  magmas  are  different  and  yield 
very  dissimilar  rocks.  One  is  mainly  feldspathic,  another  mainly 
olivine,  and  a  third  solidifies  to  a  pyroxenite.  More  commonly  they 
are  complex  mixtures,  and  in  their  cooling  a  certain  amount  of  differ- 
entiation, the  segregation  of  certain  parts,  takes  place. 
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In  order  to  form  an  ore  body  the  mi^ma  must  probably  be  richer 
in  heavy  metals  than  is  usually  the  case.  We  know  that  several  sul- 
phides exist  as  mf^;matic  minerals  and  that  they  are  more  abundant 
in  some  places  than  in  others,  varying  in  this  respect  just  as  the  feld- 
spars do.  In  other  words,  the  m^matic  constituents  are  not  tmi- 
formly  distributed  throughout  the  crust  of  the  earth.  A  m^ma, 
then,  with  more  than  the  average  proportion  of  sulphides,  rises  to  the 
surface  of  the  earth  and  cools  progressively.  In  so  doing  some  aeg- 
r^ation  of  sulpludes  must  take  place,  and  they  become  thereby  con- 
centrated at  the  mat^iin  of  the  cooling  mass.  The  product  of  con- 
centration may  itself  appear  as  a  lai^e  and  dbtinct  ore  body,  like 
the  Norwegian  pyrrhotites,  or  it  may  be  relatively  trivial;  but  in 
either  case  a  first  step  has  been  taken. 

Upon  this  primary  concentration  the  drculating  waters  may  act, 
and  indeed  have  been  acting  from  the  instant  that  cooling  began. 
Obviously,  the  waters  which  first  operate  are  either  those  which  were 
occluded  in  or  generated  from  the  rising  magma  or  which  it  encoun- 
tered earliest  in  the  course  of  its  upward  movement.  These,  there- 
fore, are  ascending  waters,  whatever  their  previous  history  may  have 
been.  Their  condition  at  first  is  that  of  highly  superheated  and 
compressed  steam,  for  they  are  above  the  critical  temperature  of  water 
and  can  not  liquefy  until  they  have  partly  cooled.  Below  365°  they 
become  pos^bly  Uquid  and  heavily  chai^d  with  matter  dissolved 
from  the  mt^ma  and  the  adjacent  rocks.  Solids  and  gases  are  both 
dissolved,  and  the  ascending  solution,  slowly  cooling  and  rningling 
with  other  solutions  as  it  rises,  gradually  deposits  its  burden.  Its 
diannel  becomes  filled  with  various  minerals,  ores,  and  gangues,  and 
thus  a  second  stt^e  in  the  concentration  is  completed. 

Of  this  process  in  detail  we  cannot  form  a  clear  mental  picture. 
The  superheated  solutions,  formed  at  the  beginning  of  the  ascent, 
are  something  of  which  experience  tella  us  very  htUe.  We  know 
that  water,  at  or  above  its  critical  temperature,  attacks  silicates 
vigorously,  and  that  it  will  even,  as  shown  by  C.  Barus,'  form  a 
mutual  solution  with  glass.  But  how  it  will  act  with  molten  rock 
under  pressure,  what  sort  of  a  solution  it  will  then  develop,  we  do  not 
know.  It  is  fair  to  infer  that  the  reactions  will  be  both  energetic 
and  complex,  and  that  supersaturated  solutions  are  Ukely  to  be  pro- 
duced; but  the  waters  which  ultimately  rise  to  the  surface  as  thermal 
springs  are  at  moderate  temperatures  and  have  lost  much  of  their 
load.  Furthermore,  they  have  been  modified  by  other  waters,  and 
reactions  may  have  occurred  of  which  do  certain  trace  remfdns.  If 
organic  matter  has  reached  the  solutions  at  any  point,  sulphates 
must  have  undergone  reduction  to  sulphides,  and  the  latter  com- 
pounds would  therefore  appear  in  more  than  one  generation  and  in 
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lai^er  quantities.  A  multitude  of  different  reactions  are  conceivably 
possible,  and  no  one  set  can  be  summarized  which  shall  cover  all 
conditioDS.  Surface  waters,  descending  and  then  diffusing  laterally, 
leach  great  areas  of  rock  in  the  belt  of  weathering,  and  so  reenforce 
the  filling  of  the  reins.  Without  the  concurrence  of  waters  from  all 
directions  and  for  long  periods  of  time,  the  development  of  large 
ore  bodies  would  be  most  difficult  to  explain.  Suppose,  now,  that 
by  a  complex  of  processes,  such  as  have  been  described,  segr^ative, 
solvent,  pneumatolytic,  and  precipitative,  a  channel  has  become 
filled  with  mineral  matter  and  transformed  into  a  vein.  Suppose, 
also,  that  the  vein  is  at  first  a  mixture  of  quartz  and  iron  pyTit«e, 
containing  in  moderate  proportions  admixtures  of  chalcopyrite, 
galena,  and  zinc  blende,  with  minute  but  perceptible  traces  of  silver 
and  gold.  The  vein  rises  from  the  zone  of  anamorphism,  throu^ 
the  belt  of  cementation,  into  the  belt  of  weathering,  where  a  third 
group  of  transformations,  a  new  redistribution  of  material,  occurs. 
These  changes  can  be  followed  without  much  difficulty,  and  Uieir 
character  is  partly  known.' 

In  the  first  place,  the  surface  waters,  chai^d  with  oxygen  and 
carbonic  acid,  attack  the  outcrop  of  ores,  oxidizing  them  more  or 
less  completely  to  sulphates.  Sulphuric  acid  or  acid  salts  are  formed 
at  the  same  time,  which  assist  in  the  decomposition  of  the  adjacent 
rocks.  That  decomposition  is  more  than  ordinarily  extensive  in  the 
vicinity  of  metalliferous  veins,  and  the  roclra  therefore  acquire  a 
higher  d^ree  of  permeability  to  the  percolating  waters. 

The  sulphates  thus  formed  differ  in  solubility  and  are  furthermore 
affected  by  other  substances  contained  in  the  waters.  Gold  is  left  in 
the  free  state,  in  which  condition  it  may  partly  dissolve  in  ferric 
solutions,  but  for  the  most  part  remains  unchanged.  Silver  is  con- 
verted into  chloride,  for  chlorine  is  rarely  absent  in  such  alterative 
processes,  and  that  compound  dissolves  with  some  difficulty.  Part 
of  the  silver,  if  much  silver  is  present,  may  be  reduced  to  the  metallic 
form  and  remain  as  native  silver  near  the  surface.  The  iron  salts, 
which  are  ferrous  at  first,  are  soon  oxidized  to  the  i erric  state,  form- 
ing basic  compounds  aud  passing  finally  into  hydroxide  or  limonite. 
Some  iron  is  dissolved  and  carried  away ;  in  certain  cases  this  is  done 
completely,  but  generally  a  mass  of  limonite  is  left  upon  the  surface, 
the  gossan  or  iron  cap  of  mining  terminology.  At  the  surface,  then, 
there  is  a  concentration  of  iron,  in  which  a  large  part  of  the  gold  and 
possibly  some  silver  is  retained.  The  other  metals  have  been  washed 
away,  more  or  less  perfectly,  and  carried  down  to  lower  levels. 

I  fcr  a  tmnnury  of  Umm  alMntkna,  s«e  B.  A.  F.  Pmuom,  Jcut.  Oeology,  vol.  3,  UM,  p.  3SS;  alio  De 
Launa^'s  memoir,  pravlously  oilvd.  An  biUinelJiig  papw  hj  Pauosa  aa  Oie  causis  o(  on  ibooCa  li  ht 
EoDO.  Otology,  yOL  t,  1010,  p.  07. 
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The  sulphates  of  copper  and  zinc  are  very  soluble;  that  of  lead 
much  less  bo.  If  the  descending  watera  contain  much  silica,  siUcat«8 
like  chrjsocoUa  and  calamine  are  likely  to  be  formed.  If  carhonat«s 
are  abundant  in  the  solutions,  malachite,  azurite,  smlthsonite,  and 
cenisite  will  appear.  Oxides  of  lead  and  copper  may  also  be  pro- 
duced, and  any  or  all  of  these  substances  are  to  be  found  in  the  oxi- 
dized zone  of  an  ore  body.  Below  this  zone  the  sulphate  solutions 
meet  the  unaltered  sulphides,  and  a  secondary  enrichment  of  them 
becomes  possible.'  The  dominant  sulphide,  pyrite,  reacts  upon  solu- 
tions of  copper  and  zinc  sulphates,  precipitatiDg  both  metals  aa  sul- 
phides and  passing  into  solution  as  sulphate  of  iron.  This  reaction 
is  well  known  and  was  established  experimentally.  Thus  at  the 
upper  portion  of  the  unoxidized  ores  there  is  a  concentration  of  copper, 
and  perhaps  of  zinc,  below  which  the  original  leaner  ore  continues  to 
itslimit,  whatever  that  point  may  be.  In  this  way  some  "bonanzas" 
originate.  A  separation  of  the  metals  is  effected  at  or  near  tiie  sur- 
face, and  the  more  soluble  ones  are  conc^itrated  by  reprecipitatioa 
below. 

Although  the  broad  general  conception  of  secondary  enrichment 
is  simple  enough,  its  detailed  apphcation  to  specific  cases  is  not  always 
easy.  Complex  solutions  are  acting  upon  complex  mixtiures  of 
minerals,  and  the  reactions  which  take  place  are  very  diverse.  The 
sulphides  differ  in  solubihty;  they  form  with  different  degrees  of 
f  adhty;  and  the  conditions  of  their  precipitation  vary  with  conditions 
of  concentration  and  temperature.  There  are,  however,  several 
researches  on  record,  which  help  to  show  what  may  happen  within  an 
established  ore  body.  As  long  ago  as  1837  E.  F.  Anthon  *  studied 
the  precipitation  of  soluble  metallic  salts  by  insoluble  sulphides,  and 
a  similar,  but  much  more  elaborate  series  of  experiments  was  carried 
out  much  later  by  "E.  Schftrmanu.*  In  each  investigation  a  series 
was  established  in  which  the  sulphide  of  any  one  of  the  metals  in  it 
would  be  thrown  down  at  the  expense  of  any  sulphide  lower  in  the 
series.  The  series  found  by  Schflrmann  was  as  follows:  Palladium, 
mercury,  silver,  copper,  bismuth,  cadmium,  antimony,  tin,  lead, 
zinc,  nickel,  cobalt,  ferrous  iron,  arsemc,  thalUum,  and  manganese. 
For  example,  if  a  solution  of  copper  were  long  in  contact  with  the 

I  On  Kcdodaiy  suklmuat,  Me  W.  B.  Wnd,  Bull.  OwL  Soa.  Amerioa,  vdL  U,  UM,  p.  179;  S.  T.  £m- 
liUDi,Tiui3.Am.Jiist.llln.  Eiig.,v<J.3O,190O,p.  lT7,uid'W««il,li]«m,p.4M;  J.  F.  Konp, EodL  OMk^r, 
T(d.  1,  IDOS,  p.  11.  On  gnrlchmmt  bj  unndlof  watvs,  9M  Weod,  Tnta.  Am,  Inst  Hln.  £ng.,  voL  IS, 
IMS,  p.  747.  On  dtnrawBrd  euiictuuent.  Me  F.  L.  RBUSome,  Ecaa.  Ooology,  voL  S,  1910,  p.  X6.  DlMOi- 
ikn  117  sevvBl  nrlUn  of  Ransome'i  paper  appears  In  the  same  Toliune,  pp.  387, 477,  S7B.  Sn  alto  0.  J. 
Banerolt,  Truu.  a™  Inst  llln.  Eng.,  voL  3S,  IMe,  p.  2UI,  and  Bull.  Am.  Inst.  Uin.  Eng.,  IBM,  p.  SSI; 
E.B.BBBt[n,Eooa.  Geology,  VOLS,  1913, p. 51.  U.S.  OeoL  Sun^ Bull. S»,  1913, bf  W.E.  Emmons, ba  ' 
gSDcral  gununarr  of  ths  lubjeot.  So,taD,b  the  paps  br  C.F.Tolman,  I(lii.aad6cL  Prm.TaL  IDS,  1913, 
pp.  38, 141,  ITS,  wbloh  okaes  with  a  has  blbUography. 

«  Jour,  pralrt.  Chemla,  vol.  10, 1837,  p.  383. 

•  LlebiCa  Annalen,  vol.  M»,  1888,  p.  JOt. 
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sulphide  of  any  metal  following  it  in  the  a«ries,  it  would  decom- 
pose the  latter  with  precipitation  of  copper  sulphide.  Starting  with 
galena  the  reaction  C)uS0(  +  PbS  =  CuS+PbS04  has  been  actually 
studied  by  B.  C.  Wells,^  in  the  laboratory  of  the  United  States  Geo- 
Ic^cal  Survey  and  the  anticipated  result  was  obtained.  Wells  has 
also  investigated  the  precipitation  of  sulphides  in  purs,  and  has 
found  that  they  are  thrown  down  unequally.  If  to  a  solution  con- 
taining iron  and  copper  an  alkaline  sulphide  is  added  in  excess,  both 
metals  are  comjJetely  precipitated.  But  if,  in  a  neutral  solution, 
there  is  a  deficiency  of  the  alkaline  sulphide,  all  the  copper  is 
deposited  before  any  iron  is  tluvwn  down.  Attempts  to  form  double 
sulphides  by  precipitation  were  unsuccessful;  but  double  sulphidea 
such  as  chalcopyrite  are  among  the  mt^t  important  ores. 

The  series  of  precipitations  studied  by  SchOrmann  is  evidently 
somewhat  analogous  to  the  well-known  electrochemical  series  of  the 
chemical  elements  and  su^ests  that  the  phenomena  of  secondaiy 
enrichment  may  be  of  an  ^ectrical  character.  The  problem  of  elec- 
trical activities  in  ore  bodies  was  long  ago  examined  by  R.  W.  Fox  * 
and  has  since  received  attention  from  a  number  of  other  investigators, 
most  recently  by  V.  H.  Gottschalk  and  H.  A.  Buehler  *  and  R.  C. 
Wells.* 

Gottschalk  and  Buehler  studied  especially  the  oxidation  of  sul- 
phides, and  found  that  when  two  different  minerals  are  immersed  in 
the  same  solution  one  showed  an  increase  of  solubility  while  the  other 
was  more  or  less  protected.  They  also  found  and  measiu^d  the 
differences  in  electrical  potential  among  the  minerals  studied  and  found 
that  when  two  of  them  were  brought  in  contact  and  moistened  they 
formed  a  small  battery.  Such  a  contact,  in  presence  of  the  per- 
colating solutions  of  the  earth's  crust,  may  be  an  important  factor 
in  the  process  of  oxidation  of  natural  minerals. 

Gottschalk  and  Buehler  in  th^  experiments  used  as  a  solvent 
only  water.  Wells,  however,  in  a  similar  research  measured  the 
electrical  potential  of  his  minerals  in  various  solutions  and  found  wide 
differences.  From  this  he  concludes  that  the  nature  of  tho  solvent 
is  of  fundamental  importance  and  that  by  electrical  activity  differrait 
minerals  may  be  produced,  depending  upon  the  character  of  the 
solutions.  Evidently  the  apphcation  of  theory  to  the  discussion  of 
any  specific  geological  problem  involves  variable  factors  and  may  be 
exceedingly  complex. 

1  EoOD.  OmIoc,  vol.  G,  leio,  p.  1. 

'  PhUog.  Tram.,  1S3D,  pi.  2,  p.  399;  Idem,  I83S,  pt.  1,  p.  SB;  Britfah  Anoc.  Adv.  Scl.  Rcipt.,  ISM,  p.  873; 
idem,  1K3T,  p.  133;  PhilU.  Uiw.,  Sdnr.,ve1.  XJ,  lS<3,pp.457,  491.  Sesalw  W.  J.  Henwood,  Annslta  dm 
Ubua,  3d  ur.,  Tol.  II,  183T,  p.  Slii;  A.  van  Strombeck,  EADten'e  Amhlv,  vol.  t,  1SS3,  p.  431;  F.  Raidi, 
Paggtndnrs  AmuleD,  vol. tS,  ISM,  p.  387;  W.  Sksy,  Tniu.  N«v  Zeatand  Inst.,  voL  S,  ISn.p.  JO;  C. 
Buug,Uoil.U.  B.OmI.  Burve;,  vol.3,  ISSI,  pp. 309-367. 

'  EooD.  GeolDE7,  vol.  T,  U13,  p.  U.    An  earlier  paper  b  In  vol.  E,  p.  38,  tUO. 

•  Bull.  V.  B.  Oeol.  Burrey  Ko.  548,  IS14. 
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Analogous  to  the  process  by  which  the  sulphides  of  a  rein  may  be 
enriched,  is  another  process  that  o^ten  operates  in  the  formation  of 
quite  different  ore  bodies.  This  process  has  already  been  noted  in 
relation  to  phosphate  rock,  and  it  consisto  in  the  precipitation  of 
dissolved  substances  by  limestone.  A  metalliferous  solution,  con- 
taining any  of  the  heavy  metals,  percolates  throu^  limestone,  and 
double  decomposition  takes  place.  The  heavy  metals,  zinc,  copper, 
iron,  manganese,  etc.,  are  precipitated,  and  calcium  goes  into  solution. 
Reactions  of  this  kind  have  been  experimentally  studied  by  several 
investigators.!  The  diffused  metals,  or  rather  their  compounds,  may 
be  concentrated  by  solution  and  consequent  removal  of  the  remain- 
ing carbonate  of  lime.  In  this  connection  K.  C.  Wells '  has  inves- 
tigated the  relative  solubilitiee  of  the  metalhc  carbonates,  much  as 
was  done  by  Schtlrmann  in  the  series  of  sulphides.  The  order  found, 
beginning  with  the  least  soluble,  wsh  mercury,  lead,  copper,  cad- 
mium, zinc,  iron,  nickel,  manganese,  silver,  calaum,  magnesium. 
Each  of  these  carbonates,  under  equal  conditions,  would  precipitate 
those  preceding  it  from  aqueous  solution.  Wells,  howev«:,  is  careful 
to  point  out  that  the  application  of  this  series  to  specific  cases  involves 
consideration  of  mass  effects  which  may  change  the  order  of  pre- 
cipitation. 

In  this  bare  outline  of  what  may  be  supposed  to  happen  in  the 
formation  of  a  metalliferous  deposit,  details  have  been  purposely 
left  out  of  account.  Their  consideration  naturally  follows  in  the 
succeeding  p^ee,  in  which  the  metals  are  studied  separately.* 

GOIiD.' 

AlUiough  gold  is  one  of  the  scarcer  elements,  it  is  widely  diffused 
in  nature.  It  is  found  in  igneous  rocks,  sometimes  in  visible  particles; 
.  it  accumulates  in  certain  detrital  or  placer  deposits;  it  also  occurs  in 
sedimentary  and  metamorphio  formations,  in  quartz  veins,  and  in 
sea  water.'  A  notable  amount  of  gold  is  now  recovered  from  copper 
ores,  durii^  the  electrolytic  refining  of  the  copper.  A.  Liversidge* 
found  traces  of  gold  in  rock  salt  from  several  localities,  in  quantities 
of  about  1  to  2  grains  per  ton.    F.  Laur,'  in  Triassic  rocks  taken  from 

1  Sm  fcr  aiuiipb,  R.  Irvin  iDd  W.  B.  AndaMin,  Pnia.  Bor.  Bno.  EdMbor^  vol.  U,  UW,  p.  13;  W. 
Iblttn,  Bfr.  NUurfmch.  Qmtll.  FnSmn,  *ol.  13, 1«B,  p.  m,  Tol.  U,  UW,  p.  IS;  and  ta«i«iin]  il^wu 
tlom,  Fnlbnrg,  IMO,  by  L.  QtaoK  sod  O.  Itahkr. 

■  BoIL  0. 8.  Owl.  Biuver  Na.  «0e. 

■Tha  work  of  Bulllvui  od  tba  pnolpltitlan  of  aoppw  b^  dull,  tUdipu,  ato,,  k  notad  lats  In  tha  aectiim 
of  thb  ohapttr  upon  tht  orta  of  that  mataL  Ttt»  oaa  o(  Iron,  Tnan[[iiiinii.  and  alumtmini  hava  bam  mlB- 
olantl?  dnarOMd  In  tha  ohapUn  upon  roak-tocniini  mlHrak,  niok  daaompaaHlan,  and  tha  aadlmviMiy 

•  7cr  a  IW  c<  tha  Smygr  pabUeatlaM  (D  pdd  and  aUvtr  ua  BulL  170,  ini. 

•  Baa  anCa,  p.  in. 

•  Jour.  Cbuu.  Soa,,rQL  71, 18B7,  p.  2M. 

•  Conpt.  Band.,  toL  MI,  U«,  p.  ItW.    JUaotn  Compt.  Rand.  Bor.  bid.  nUn^aln,  B«pt..Oi]L,  Ugt, 
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deep  borings  in  the  departmeat  of  Meurthe-et-Mosene,  France,  found 
both  gold  and  sUver.  Hie  maximum  amoimt  in  a  sandy  limestone, 
was  39  grams  of  gold  and  245  of  silver  per  metric  ton,  but  most  of  liie 
assays  ran  much  lower. 

Gold  has  been  repeatedly  observed  as  a  primary  mineral  in  igaeons 
or  plutouic  rocks.  O.F.Merrill*  reports  it  in  a  Mexican  granite^ 
onbedded  in  quartz  and  feldspar.  W.  Morioke '  f otmd  visible  gold 
in  a  pitchstone  from  Chile;  and  O.  Schiebe'  discovered  it  in  an 
olivine  rock  from  Damara  Land,  South  Africa. 

In  a  series  of  assays  of  rocks  collected  at  points  remote  from  known 
deposits  of  heavy  metals,  L.  Wagoner*  found  the  following  qxianti- 
ties,  in  milUgrams  per  metric  ton,  of  gold  and  silver.  The  samples 
are  Califomian,  except  when  otherwise  stated. 

Gold  and  tilver  in  rvcttfrom.  California,  Nevada,  etc. 

u  per  mMrio  ton.] 


Au. 

Ag. 

10* 
137 

U5 
720 
1,130 
39 
24 
21 
2« 
76 
6 
8.63 

7,Bao 

1,220 
MO 

15,430 

7,440 

Uarhle 

In  a  later  investigation  Wagoner '  detennined  gold  and  silver  in 
deep  sea  (Atlantic  Ocean)  dredgings.  In  six  samples  assayed  the 
gold  ranged  from  16  to  267  EoiUigrams  per  metric  ton,  and  the 
silver  &om  304  to  1,963  milligrams. 

These  figures  suggest  a  very  general  distribution  of  gold  in  rocks 
of  all  kinds.    J.  K.  Don,*  however,  in  an  extended  investigation  of 

>Am.)oar.  SoL,4thMr.,TaLI,  18«>,p.30a.    Compara  W.  P.  BUkc,  TrvUB.  Am.  Inst.  Un.  Eog., Ttd.  aS, 


.  g»l.  OeaalL,  vdL  W,  1S88,  p.  BU.    Vol  oUter  sxampla  Me  BUliiieF.Bcrgart,  DIs 
ie-70.    SeaalsoJ.  CaUurlnet,  Kng.  andUiii.  Jour.,  vol  78,  tWIS,p.  127,  cngoU  tntiM 
pagnuUte  ot  Coppai  Uountaln,  BritUi  Columbia.    R.  W.  Brook  (Idem,  Tid.  77,  IWH,  p.  Sit)  rqiorta  gold 
tn  Bitttoh  Colmnbl*  porphyries.     On  primary  gold  In  a  Colorado  gnnlCe,  mo  J.  B.  Hntfai^,  Trans.  Am. 
Iint.HliLEng.,ToL38,  I309,p.97.     An  nasoolatkm  of  gold  with  lUUmmlte  b  npotad  by  T.  L.  Wotso^ 
Am.  lout.  8cL,  3d  Mr.,  voL  31,  IBU,  p.  211. 
<  Tram.  Am.  lut.  Uia.  Bng.,  yoL  31, 1901,  p.  808. 
•  Idem,  voL  3«,  1W7,  p.  7M. 
•Id«m,vaL37,lS»7,p.  5M.     A.  R.  Andrev  (Trans.  lut.  lOn.  llBt.,T(a.  19,  U10,p.  XV)  qmeUms  Uib 
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HiB  Australian  gold  fields,  found  that  tlie  deep-seated  rocks  contained 
gold  only  in  association  with  pyrite.  When  pyrite  was  absent, 
gold  was  absent  also.  The  coiintiy  rocks  of  the  vadose  region,  on 
Uie  other  hand,  were  generally  impr^nated  with  gold,  even  at  a  dis- 
tance from  the  auriferous  reefs,  and  Don  supposes  that  the  metal  was 
probably  transported  in  solution.    This  point  will  be  discussed  later. 

Gold  occurs  principally  in  the  free  state  or  alloyed  with  othw 
metals,  such  as  silver,  copper,  mercury,  palladiiun,  rhodium,  bis- 
muth,  and  telhiriimi.  Leaving  detrital  or  placer  gold  out  of  account, 
its  chief  mineral  associates  are  quartz  and  pyrite.  Its  connection 
with  pyrite  is  so  intimate  that  some  writers  have  ai^ed  in  favor  of 
its  erastence  as  gold  sulphide,'  but  the  evidence  in  favor  of  that 
belief  is  very  inadequate.  No  unmistakable  gold  sulphide  has  yet 
been  found  as  a  definite  mineral  species,  nor  is  it  likely  to  form 
except  in  an  environment  entirely  free  from  reducing  agents.  The 
compounds  of  gold  are  exceedingly  unstable  and  the  metal  separates 
from  them  with  the  greatest  ease. 

On  the  petrologic  side  gold  is  most  commonly  associated  with 
rocks  of  the  persilicic  type,  such  as  granite  and  its  metamorphic 
derivatives.  I  refer  now  to  its  primary  occurrences.  It  is  not  rare 
in  association  with  dioritic  rocks,  but  in  rocks  of  subsihcic  character 
it  is  exceedingly  uncommon.  Its  very  general  presence  in  quartz 
veins  is  testimony  in  the  same  direction,  and  suggests  the  probability 
that  gold  is  more  soluble  in  sihcic  magmas  than  in  those  richer  in 
bases.  The  auriferous  quartz  v^ns  were  probably  formed  in  most 
instances  from  solutions;  but  J.  E.  Spun**  has  argued  that  in  some 
cases  they  are  true  magmatic  segregations.  This  view  was  developed 
by  Spurr  in  his  studies  of  gold-bearing  quartz  from  Alaska  and 
Nevada,  but  it  has  been  questioned  by  C.  R.  Van  Hise  *  and  others. 

The  composition  of  native  gold  is  variable.  The  purest  yet  foimd, 
from  Mount  Morgan,  Queensland,  according  to  A.  Leibius,*  assayed 
as  high  as  99.8  per  cent,  the  remainder  being  mainly  copper  with  a 
trace  of  iron.  Gold  commonly  ranges  from  88  to  95  per  cent,  with 
more  or  less  alloy  of  the  metals  already  mentioned.  The  following 
analyses  well  represent  the  character  of  the  variations : 

1  aw,  for  axunple,  T.  W.  T.  Attterbn,  Eng.  and  Uln.  Jam.,  toL  62,  IgBl,  p.  WS;  aikd  A.  WUllimi,  Idan, 
vid.  £3,  ISK,  p.  451.  wmiBma  dUn  an  aarilaaaa  pyiite  from  Cnltnda  i^iioli  jldded  no  gold  m  amal- 
^DUtkn,  but  from  whkh  gtdd  was  eztracMd  by  solalkm  tn  «Tnmn«ilnm  golphids.  Gold  nJplLldg  la 
■ohibla  In  that  ceaeent,  hsDce  tbg  inlerame  that  It  ma;  have  bean  pnaent  bi  Uu  on.  Baa  aba  a  p^xi 
by  W.  Bkey,  Tram.  Sew  Zcalaod  Int.,  voL  3, 1870,  p.  SIS. 

■SeapopeislnTiBns.  Am.Iiut.lfliL£iig.,vol.3S,lMB,p.3SS;  voL  3S,  ItM,  p.  tTS.  Aln  Boon.  OtcAogy, 
TOL  ],  ins,  p.  388. 

•  Atnattaaonmalaiiiorpbisni:  Hon.  U.  B.  OwL  BurT«y,Ti)L4T,im,  pp.  1048-1019.  BeaalAOJ.B.Ha*. 
ttn^.Tram.  Ain.lDst.Uln.Eng.,TDL3S,lWia,p.M7.  BasUogingaidB Ui«  SDtst Pnk om u  ii^oa]t«d 
by  aaoandlDg  vBtNS  along  linn  ol  fnetnrlnt:. 

<  Pine.  Boy.  See.  Haw  Sontb  WalM,  voL  U,  UU,  p.  S7. 
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^na^vet  of  noCttM  gold. 

A.QtMbimVtakt.    AjudTWdbrCOitlatttDlItBUIioniKiTyofUieDidUdBHtM 

B.  EtsMnmi,  HontgoDMiy  Coimtf,  TlfglDla.   Amlfihbf  B.  Pondier,Chaiii.l4swB, 

C,  D,  E.  Ocdd  amodUed  wtth  nattv*  pUUnom,  Cokimbh.    AMlyiM  b;  W.  H.  Bw 


F.  Amlgun,  ICirlpow  Count?,  CiUiMiilk.   Analyiii  by  7.  L.  S 

0«iMlL,voLe,  lSM,p.  3<3.    BpM:tflc  gnvit;,  15.47.    NwAnHgi. 

O.  PBlladhun  gold.    Tieuarll,  BruO.    Antlytts  by  a«*moD,  Ouni.  N*wi,  loL  48, 1883,  p.  2U.    1 
WIlm,Z«ttKtiT.uurK.Ch«mle,ToL4,18a3,p.3ao,oiiiHUadlu         ----- 
ZeltKtu.  pnkt.  OeolaglB,  lODS,  p.  Mt,  an  pailBilIam  gold  In  BruIL 

H.  lbtilonItB,or"blK)kgold,"MiddaD,  Vlotom.   AmlfSb  by  B.  W.  B.  UwlTor,  Cbam.  I 
U.lsn.p.lBl.    An  alloy  TUVAoiBI. 
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84.01 
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100.00 

99.40 

98.23 

98.73 

100.00 

99.27   100.00 

The  tellurides '  containing  gold  are  aJso  variable  in  compoaition, 
partly  because  most  of  them  contain  silver,  and  often  other  metals, 
which  may  he  only  impurities.  KalgoorHte  and  coolgardite,  for  ex- 
ample, wluch  are  teUurides  of  gold,  silver,  and  mercury,  are  mixtures 
of  the  mercury  compound,  coloradoite,  with  other  species.*  Calaverite 
and  krennerite  approximate  to  gold  telluride  alone.  Sylvanite,  pet- 
zite,  muthmannite,  and  goldachmidtite  are  teUurides  of  gold  and 
silver.  The  following  analyses  are  sufficient  to  indicate  the  compo- 
siUon  of  the  more  important  of  these  minerals: 

1  For  a  gMunl  ravhir  o(  the  teUuildw,  with  ntorancu  to  l]t«istun,  bm  J.  F.  Kamp,  ICtn.  bidnatiT 
■mlt,i»»,p.3». 
--    -  -  —       '  g.  Hi«.,  voL  13, p.  30B, U03.    Bpcmou  (iTM ■  good bIUlc«r^itiy  ol  tb* AoMm- 
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ATUdgMi  nfUUuriia  containing  gold. 


C.  B;lT*tiiM,  <AaA8)T«>,  Onod  Via*  mbw,  Baiilddr  Conntr,  Colondo.    An^Tsb  b]r  F.  V.  ClBta^ 
Am.  Jatu.  BaLiSdiO'.,  vdLU,  1ST7,  p.  SM, 

D.  t>«ttlte,(AnAg)iTe,NaTW«elnitiLtiu,C>UT«nuC<nuit7,C*UloTiil*.    AiuItsIs b;  BlUatniid. 


A 

B 

c 

D 

38.95 
8.21 

S4.77 

5.87 

.34 

.69 

68.80 

29.36 
11.74 

05 

67.27 

58.91 

Se 

Bb 

.66 

Fe,0, 

.12 
.33 

99.88 

100.82 

100.00 

100.32 

There  has  been  much  discuaaion  orer  the  tdlorides  o£  gold.  B. 
Brauner*  asaerta  that  cryatalline  "polytelluridea"  can  be  formed, 
which  dissociate  upon  heating,  leaving  the  compomid  Au,Te  as  an 
end  product.  Theoretically,  the  teUuride  Au,Te,  should  also  be 
capable  of  existence.  According  to  Y.  Lenher,*  the  tellmidee  of  gold 
are  probably  not  definite  compounds,  but  more  in  the  nature  of  alloys. 
Attempts  at  the  synthesis  of  a  distinct  compound  failed.  T.  K. 
Rose,'  however,  who  studied  the  alloys  of  gold  and  tellurium,  obtuued 
a  definite  compound,  AuTe^,  identical  with  the  natural  calaverite. 
Ths  same  result  was  also  obtained  by  G.  Pellini  and  E.  Quercigh.* 
W.  J.  Sbarwood  *  has  pointed  out  the  very  general  association  of  . 
bismuth  with  tellurium  gold  ores. 

Although  gold  is  primarily  a  magmatic  mineral,  it  is  also  trans- 
ported in  and  deposited  from  solutions.  Many  occurrences  of  gold 
indicate  this  fact  very  plainly.  O.  Dieffenbach,*  for  instance,  men- 
tions gold  incrusting  siderite  at  Eisenbeig,  near  Corbach,  in  Gei^ 
many.  O.  A.  Derby  ^  reports  films  of  gold  on  limonite,  from  Brazil. 
A.  Liversidge  *  found  it  in  recent  pyrite,  which  formed  on  twigs  in 
a  hot  spring  near  Lake  Taupo,  New  Zealand.  J.  C.  Newbery  *  men- 
tions gold  in  a  manganiferous  iron  ore  coating  quartz  pebbles,  the 

>  lour.  Chun.  Boc,  tdL  »,  ISW,  p.  Wl. 

•  Jtiat.  Am.  Qwm.  Boo.,  tdL  M,  U09,  p.  3S8.    S«  tlia  K.  D.  Hall  ud  V.  LanlMr,  Kl«m,  p.  BU. 

>  Tnas.  lust.  Hbi.  HM.,  ToL  17,  IMS,  p.  381. 

•  Raid.  K.  aooid.  UdcOI,  Sttinr.,  tdL  IS,  una,  p.  Mt. 

•  EcoD.  Ototosy,  voL  S,  ISll,  p.  U. 

•  Nfliua  lohrb.,  IKM,  p.  JB*. 

T  Am.  Jmr.  BcL,  Id  ».,  voL  28,  IBSI,  p.  MO. 

•  lour.  &07.  Boo.  Nsv  Bontli  WiJn,  vol  II,  1877,  p.  3(0, 

•  Tim*.  B07.  Boc  Vlalorlk,  ToL  g,  1868,  p.  13. 
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quartz  itself  being  free  from  gold.  In  the  dnter  of  Steamboat 
Springs,  Nevada,  G.  F.  Becker '  found  both  gold  and  silver;  3,403 
grams  of  sinter  gave  0.0034  of  gold  and  0.0012  of  silver.  Gold  is 
also  reported  by  J.  M.  Madaren '  in  the  siUceous  sinter  of  Uie  hot 
springs  at  Whakarewarewa,  New  Zealand.  E.  Brauns  *  has  described 
gold  aa  a  cement  joining  fragments  of  quartz.  The  specimrai  of 
ciimabar  from  a  fissure  in  Colusa  Coimty,  California,  mentioned  by 
J.  A.  Phillips,'  which  was  covered  by  a  later  deposit  of  gold,  is  also 
suggestive.  According  to  K.  W.  Stone,*  the  coal  of  Cambria,  Wy- 
oming, contains  appreciable  quantities  of  gold.  All  of  these  occurs 
rcmces  are  beet  interpreted  on  the  assumption  that  the  gold  was 
precipitated  from  solution;  and,  indeed,  they  can  hardly  be  explained 
otherwise. 

The  natural  solvents  of  gold  appear  to  be  numerous — that  is,  if 
the  recorded  experiments  are  all  trustworthy.  G.  Bischof '  found 
that  gold  was  held  in  solution  by  potassium  silicate,  and  Liversidge  * 
was  able  to  dissolve  the  metal  by  digesting  it  with  either  potassium 
or  sodium  silicate  imder  a  pressure  of  90  pomids  to  the  square  inch. 
C.  Doelter  *  claims  that  gold  is  perceptibly  soluble  in  a  10  per  cent 
sodium-carbonate  solution,  and  also  in  a  mixture  of  sodium  silicate 
and  bicarbonate.  Solutions  of  alkaline  sulphides  have  been  fomid  by 
several  authorities,  notably  by  W.  Skey,»  T.  Egleaton,"  G.  F.  Becker," 
and  A.  Liversidge,'*  to  be  effective  solvents  of  gold;  and  Skey  reports 
that  even  hydrogen  sulphide  attacks  the  metal  perceptibly.  All  of 
these  solvents  occur  in  natural  waters. 

Solutions  of  ferric  salts  are  also  capable,  under  proper  coaditioDS, 
of  dissolving  gold.  According  to  H.  Wurtz,"  ferric  sulphate  and 
ferric  chloride  are  both  effective.  P.  C.  McDhiney"  found  that  the 
chloride  acted  on  the  metal  only  in  presence  of  oxygen,  which  serves 
to  render  the  ferric  salt  &a  efficient  carrier  of  chlorine.  Some  experi- 
ments by  H.  N.  Stokes  '*  in  the  laboratory  of  the  United  States  Geo- 
logical Survey,  showed  that  ferric  chloride  and  also  cupric  chloride 
dissolve  gold  easily  at  200°.  The  reactions  are  reversible,  and  gold 
is  redeposited  on  cooling.     Ferric  sulphate,  according  to  Stokes,  does 

■  Von.  V.  B.  OeoL  Survey,  vol.  13, 1S8S,  p.  W. 

•  omL  iiag.,  igoe,  p.  sn. 

•ChemlsdigUinvnlagls,  lase.p.  40S.  . 

<  Quart.  Jma.  Otoi.  Bod.,  vdL  36,  1370,  p.  390.  On  ths  natural  BsscMhUana  at  gold,  SM  P.  C.  Lincoln, 
Boon.  0«olDg7,  vtd.  S,  1911,  p.  347. 

•  BuO.  V.  8.  0«d.  Somy  No.  tra,  1R12,  p.  63. 

•  Iiahibndi dcrnbembahai and phyBlkKlbdun  Ogolagta, 2d cd.,  voL  S, p.  H3. 
'  Prob  Ror-  Sao.  Ncnr  BoQth  Walea,  vdL  27, 19)3,  p.  303. 

■  lOn-pat.  Ultt.VDl.  11,  IMO.p.  32S. 

*Tiails.NevZealBQd  Inst,  vol.3, 1870, p.  ZIS;  voLS,  1371,  p.  Iffl. 
■*  Trans.  Am.  Inst.  Ulo.  Eng.,  vol.  9, 1880-01,  p.  639. 

n  Am.  Jour.  S<d.,  Ed  aa.,  voL  33, 1387,  p.  ZOT. 

I>  Proo.  Roy.  Boo.  New  Scmtli  Wain,  vol.  Z7, 1883,  p.  303. 

U  Am.  lODT.  SoL,  3d  HT.,  vol.  as,  ISM,  p.  SI. 

"  Idem,  Itti  Hr.,  fOL  2, 1890,  p.  298. 

u  Boon.  Oeoktiy,  voL  1, 1906,  p.  6S0. 
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not  dissolve  gold  tmless  chlorides  are  also  present.  Perhaps  the 
pseudomorph  of  gold  after  botryt^en,  a  basic  sidphate  of  iron, 
described  by  W.  D.  Campbell,*  may  have  originated  from  some  solu- 
tion in  ferric  salts. 

F.  P.  Dewey '  has  found  that  finely  divided  gold  is  perceptibly 
soluble  in  nitric  acid,  but  that  observation  has  little  bearing  upon 
its  natural  solution.  W.  J.  McCaughey*  has  reported  its  solubility 
in  hydrochloric  acid  solutions  of  iron  alum  and  cupric  chloride. 
With  rising  temperature  the  solubility  increases  rapidly.  N.  Awer- 
kiew  *  finds  that  gold  is  also  dissolved  by  hydrochloric  acid  in  pres- 
ence of  oiganic  matter. 

The  usual  laboratory  solvent  for  gold,  aqua  regia,  owes  ita  efficiency 
to  the  liberation  of  free  chlorine.  T.  Egleston  *  asserts  that  traces  of 
nitrates  with  chlorides  in  natural  waters  can  slowly  dissolve  the 
metal.  J.  K.  Don  *  found  that  weak  hydrochloric  acid,  1  part  in 
1,250  of  water,  in  presence  of  manganese  dioxide,  would  take  gold 
into  solution.  E.  Pearce '  heated  gold  and  a  solution  containing  40 
grains  of  common  salt  to  the  gallon,  with  a  few  drops  of  sulphuric 
acid  and  some  manganese  dioxide,  and  obtained  partial  solution. 
T.  A.  Rickard  *  treated  a  rich  Cripple  Creek  ore,  which  contained 
manganic  oxides,  with  a  solution  of  ferric  sulphate,  sodium  chloride, 
and  a  little  sulphuric  acid,  and  practically  all  of  the  gold  dissolved. 
On  immersing  in  this  solution  a  fragment  of  black,  carbonaceous 
shale,  the  gold  was  reprecipitated.  How  far  solutions  of  this  kind  can 
be  produced  in  nature  is  uncertain;  but  the  extreme  dilution  of  the 
solvents  may  be  offset  by  their  prolonged  action.  The  laboratory 
processes  all  tend  to  accelerate  the  reactions.  V.  Lenher's  observa- 
tion,* that  strong  sulphuric  acid,  in  presence  of  oxidizing  agents,  such 
as  the  dioxides  of  manganese  and  lead,  dissolves  gold,  is  probably 
not  applicable  to  the  discussion  of  natural  phenomena.  W.  H. 
Emmons,"*  however,  from  a  study  of  the  experiments  already  cited, 
and  also  of  the  association  of  manganese  oxides  with  gold  in  nature, 
has  shown  that  the  manganese  plays  an  important  part  In  the  for- 
mation of  auriferous  deposits.  Its  effect  is  due  to  its  Interaction  with 
acid  solutions  of  chlorides,  with  which  it  generates  chlorine;  chlorine 
being  the  actual  solvent  of  gold.     In  the  presence  of  alkaline  solutions, 

iTnns.  NevZialandlml.,  vol.  14, 1881,  p.  ttT.    Campb«U'i  obaarratlana  nMd  Is  btTatfttd.    The 
spaolnun  was  buiid  in  ths  ThamB  gold  fldd.  New  Znland. 
'lam.  Am.  Cbau.  Soc.,  tdL  33,  IfilO,  p.  818. 
'Idem,  vol.  31,  ISOS,  p.  1281. 
<Z«ltacbr.  aix>rg.  Ciiamle,  vol.  81,  IWO,?.  1. 

>  Tnus.  Am.  Inst,  wtn,  Sag.,  roL  8,  lST»-80,  p.  4H. 

*  Idem,  ToL  37, 1897,  p.  fi84.    AoaanUnf  to  Don,  Isric  ulta  ue  not  effecttre  sdnote  be  gM. 

>  Idem,  ToL  22, 18W,  p.  739. 

•  Idoa,  vol.  M,  18M,  p.  BT8. 

t  Jdui'.  Am.  Chan.  8oc.,  toL  38,  IHM,  p.  UO. 

»  BulL  Am.  lusl.  litn.  Eii(.,  ISIO,  p.  787,  vui  JotV.  Qeolocy,  vol.  19, 1911,  p.  IS.  Soa  alea  A.  D.  BntaW, 
loui.  Qeokfr,  yoL  18, 1910,  p.  331,  ToL  31, 1013,  p.  161. 


648  THE  DATA  OF  OEOCHBMISTBT. 

or  of  calcite,  free  cbloiine  c«ii  not  appear,  and  the  manganese  oxideB 
become  inoperative.' 

The  experiment  by  Rickard  just  dted  is  especially  suggestiTe  as 
fllustrating  the  ease  with  which  gold  is  redeposited  from  its  solntiona. 
So  far  as  gold  ia  concerned,  the  reducing  agents  are  nombedees,  and 
many  of  them  occur  in  nature.  Organic  matter  of  almost  any  kind 
will  precipitate  gold,  and  such  matter  is  rarely,  if  ever,  absent  from 
tiie  soil.  Gold,  therefore,  although  it  may  enter  into  solution,  is  not 
Ukely  to  be  carried  very  far.  On  mere  contact  with  ordinary  soils  it 
would  be  at  once  precipitated.* 

Gold  is  also  thrown  out  of  solution  by  ferrous  salts,  by  other  metals, 
and  by  many  sulphides,  especially  by  pyrite  and  galena.*  According 
to  Skey  one  part  of  pyrite  will  predpitate  over  eight  parts  of  gold. 
The  sulpliides  of  copper,  zinc,  tin,  molybdenum,  mercury,  silver,  bis- 
muth, antimony,  and  arsenic,  and  several  arsenides,  all  act  in  the 
same  way.  So,  too,  does  tellurium,  according  to  V.  Lenher,*  and  also 
the  ao-called  telluridee  of  gold.  If  the  latter  were  definite  com- 
pounds, they  could  hardly  behave  as  precipitants  for  one  of  their 
constituent  elements. 

Silver,  like  gold,  ia  widely  diffused  in  nature.  Ita  presence  in 
igneous  rocks,  tc^ether  with  gold,  has  been  shown  in  the  preceding 
pages,  and  its  existence  in  sea  water  was  noted  in  an  earlier  chapter. 
A.  Liveraidge  '  found  it  in  rock  salt,  seaweed,  and  oyster  sheUa,  while 
W.  N.  Hartley  and  H.  Ramage '  discovered  spectroscopic  traces  of 
silver  in  a  lai^  number  of  minerab.  Out  of  92  iron  ores  of  all 
dassee  only  four  were  free  from  ailver,  and  it  was  generally  detected 
in  manganese  ores  and  bauxite.  Blende,  galena,  and  the  pyritic  ores 
almost  invariably  contain  it.  Aj^entiferous  galena,  silver-lead  ore, 
is  one  of  the  chief  sources  of  this  metal. 

Unlike  gold,  silver  occurs  not  only  native,  but  in  many  compounds. 
The  sulphides,  sulphosalta,  and  halogen  compounds  are  beat  known; 
but  selenides,  tellurides,  arsenides,  antimonides,  and  bismuthides  also 
exist.  These  minerals  or  groups  of  minerals  are  best  considered 
separately. 

>  Bm  F.  T.  EddlQgQiild,  FbOlppine  Jour,  BaL,  vol.  8A,  1013,  p.  iSS.    Boon.  Ovintr,  TOL  B,  1»1S,  p.  «S. 

•  On  tbe  nbtlcms  ol  vegetation  tatbt  depadtlan  aIgM  m>E,  E.  LDuqwlu,  Zaiuctir.  pnkt.  OtakiglB, 
ISOO,  pp.  71,313. 

•  Sw  C.  WOUoMn,  Tnuu.  Roy.  Soo.  Vtetcsla,  v(d.  B,  18M,  p.  11;  W.  Skef ,  Traiu.  Smr  Ztabnd  liiat. , 
Tol.  3,  IBTO,  p.  339:  ToL  I,  1873,  pp.  370,  382;  A.  LiTenddge,  Proo.  Hot.  SoO.  Nev  South  Wain,  vd.  37, 
UB3,  p.  303;  C.  PalnW  ud  S.  S.  Bastln,  Econ.  Oeology,  toL  8, 191J,  p.  140;  F.  F.  Qnat,  Idem,  p.  407. 

•Jour.  Am.  Cham.  Soc.,  vol.  24, 1M7,  p.  365.  B«  »1»  R.  D.  Hall  and  V.  Lenba,  Id«m.  p.  919.  Later 
papWB  by  LertlurargliiEaon.aeologr,  101.7, 1912,  p.  741;  vol.  B,  1914,  p.E33.  OnthsnlatJoDiotcoUoldkl 
(Old  tootedepwltlao,  g«gBanln,  Jour. 'Wasblnston  AoBJ.  Bel,  vol.  fi,p.  S4, 191S. 

»  Fat  ft  UM  ol  ttw  Survay  publkattoni  on  gold  and  sOvar  w«  Bua  U.  S.  OmI.  Borvey  Na  470, 1911. 

•Jour.  Chem.  Soc.,  vol.  71, 1897,  p.  298. 

'  Idan,  voL  71, 1897,  p.  S33. 
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Native  aXver,  like  native  gold,  is  nrdy  if  ever  pure.  It  commonly 
coniaina  admixtures  of  gold,  copper,  and  other  metals  in  extremely 
variable  proportions.  Silver  amalgam,  for  instance,  ranges  from  27.5 
to  95.8  pto*  cent  of  silver,  with  from  72.5  to  3.6  per  cent  of  meronry. 
In  the  Lake  Superior  copper  mines  BJlver  is  often  embedded  in  native 
copper,  each  metal  being  nearly  pure.  Specimens  shoving  this 
association  are  locally  known  as  "h^-breeda." 

In  most  cases  native  silver  is  a  secondary  mineral.  It  is  often 
found  in  gossan,  and  K.  Beck  >  mentions  films  of  silver  upon  the 
scales  of  fossil  fishes  from  the  Mansfield  copper  shales.  According 
to  J.  H.  L.  Yogt  *  the  native  silver  of  Kongabei^  is  largely  formed  by 
reduction  from  ai^ntite,  although  a  derivation  from  proustite  may 
also  be  observed.  The  silver  thus  formed  ia  commonly  filiform.'  In 
a  subordinate  decree  crystallized  silver  appears  as  a  primary  deposit 
from  solutions.  Vogt  regards  a  solution  of  silver  carbonate  or  bicar- 
bonate as  the  source  of  the  metal,  probably  because  of  its  association 
with  calcite,  sod  thinks  that  ferrous  compound  or  carbonaceous  sub- 
stances are  the  predpitauts. 

The  reduction  of  silver  and  its  complete  precipitation  in  the  metal- 
lic state  by  o^anic  matter  was  long  ago  observed  by  H.  de  Senar- 
mont.*  T.  A.  Rickard '  also  found  that  it  was  thrown  down  as  a 
metallic  coating  upon  a  black,  oarbonaceous  shale.  The  reduction  of 
the  sulphide  by  hydrogen  is  also  possible,  but  lees  likely  to  occur 
under  natural  conditions.*  Any  reaction,  however,  \riuch  generated 
nascent  hydrogen  in  contact  with  silver  solutions  would  precipitate 
the  metal. 

The  nature  of  the  silver  solutions  in  metalliferous  veins  is  not  posi- 
tively known.  Apart  from  Vogt's  suppositions,  it  seems  probable  that 
silver  sulphate  may  be  formed  by  oxidation  of  the  sulphide.  That 
salt,  however,  would  almost  certainly  be  transformed  into  chloride 
by  the  chlorides  present  in  percolating  waters.  Silver  chloride, 
although  soluble  with  difficulty,  is  not  absolutely  insoluble,  and  very 
dilute  solutions  of  it  may  well  take  part  in  the  filling  of  veins.  It 
has  long  been  known,  also,  that  silver  is  dissolved  by  hot  solutions 
of  ferric  sulphate,  a  reaction  which  has  been  studied  by  H.  N.  Stokes  ' 
in  the  laboratory  of  the  United  States  Geological  Survey.  The  reac- 
tion, 2Ag+Fe,CSOJi-A&SO,  +  2PeSO„  is  reversible,  and  crystal- 
lized silver  is  redeposited  on  cooling.     Stokes  also  found  that  a 

>  Ore  dapodtB,  Wwd'i  tnndatkn,  p.  3Tt. 

•  ztfUDhr.  pnk%.  Qeoioci*,  im,  pp.  iia,  itt. 

>  On  tba  lonutllii  ol  "hafe  aflw"  an  V.  KaUKhQtMr  ud  B.  Kydnuim,  Llablt'i  Aimalaii,  toL  390, 
iai3,p.l40. 

'  1  nmlnt  rtitm  ptir* .  Hi  irtf .  toL  13,1851,  p.  HO. 

•  TiBDL  An.  mtt.  lUn.  Eng.,  toL  38, 18M,  p.  STS. 

■  Be*  0.  Bbdiol,  Ltfartmata  din  dwndachgn  nnd  phyilkalbditu  Qaolaclg,  3d  sd.,  vol.  8,  p.  iX.  Ala)  I. 
Itniattat,  Campt.  Bend.,  roL  89,1877,  p.  1143. 

•Sooi>.aeidcE7,Tol.  l,lSIM,p.  H9.  BMilMtlia«:pNliiUDtoIH,C.Cook*ntetir*CoiMiindU7«iidi- 
DMUt  ia  Jour.  0«1<ik7,  vol.  31, 1911,  p.  I. 
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BolutiOQ  of  copper  sulphatFe,  at  200",  waa  an  effectlTe  solvent  of  silver, 
this  reaction,  like  the  other,  being  reversible.  Pseudomorpbs  of 
cerargTTite,  ruby  silver,  ai^ntite,  and  stephanite  after  native  silver 
are  mentioned  by  Dana.* 

The  natural  arsenides,  antimonides,  and  bismutbides  of  silver  are 
imperfectly  known.  An  arsenide,  A^As,  was  described  by  H.  Wurtz,* 
under  the  name  huntilite.  Wurtz  also  reported  an  antimonide,  ani- 
mildte,  Ag^b.  Both  minerals  were  found  in  the  Silver  Islet  mine, 
Lake  Superior.  The  commoner  antimonide,  dyscrasite,  varies  from 
Ag^b  to  Ag,Sb.*    The  biamuthide,  cbilenite,  is  perhaps  Ag^Bi. 

Silver  sulphide,  Ag^,  is  found  in  nature  in  two  forms — the  iso- 
metric aif;entite,  whi<^  is  a  common  ore,  and  the  rare  orthorhombic 
acanthlte.  It  is  one  of  the  easiest  of  the  silver  compounds  to  prepare, 
and  is  formed  whenever  moist  hydrogen  sulphide '  comes  into  con- 
tact with  any  other  silver  salt,  or  with  the  metal  itself.  As  crystal- 
lized argentite  it  has  been  prepared  in  several  ways.  J.  Durocher* 
obtained  it  by  the  action  of  hydrogen  sulphide  upon  silver  chloride 
at  high  temperatures.  J.  Margottet  *  prepared  ai:gentite  by  passing 
the  vapor  of  sulphur  over  silver  at  a  low  red  beat.  With  sdenium 
or  tellurium  vapor  the  corresponding  selenide  and  telluride  of  silver 
were  formed.  J.  B.  Dum^a '  obtained  the  crystallized  sulphideby 
the  same  process.  F.  Roessler '  crystallized  ai^cntite  and  the  selenide 
from  solul^on  in  molten  silver,  and  the  selenide  also  from  fused  bis- 
muth. C.  Geitaier,'  by  heating  silver  to  200°  with  a  solution  of 
sulphurous  acid,  obtained  argentite.  Silver  sulphite,  heated  with 
water  to  the  same  temperature,  broke  down  into  argentite  and  crys- 
tallized silver.  According  to  E.  Weinschenk,"  aigentite  is  produced 
when  silver  acetate  and  a  solution  of  ammonium  sulphocyanate  are 
heated  together  to  180°  in  a  sealed  tube.  In  this  case  the  decom- 
position of  the  sulphocyanate  yields  hydrogen  sulphide,  which  is  the 
actually  effective  reagent.  Finally,  W.  Spring "  claims  to  have 
found  that  silver  and  sulphur  could  be  forced  to  combine  by  repeated 
compression  together  of  the  two  finely  divided  elements.  The  pres- 
sure employed  was  6,500  atmospheres.  Silver  and  arsenic  also  unite 
under  the  same  conditions.    Spring's  ezperiment^,  however,  or  at 

■  System  dI  mlnenlogr,  Otb  sd.,  p.  X. 

■  Ede.  and  Uln.  Jaw,,  vdL  37,  ISTS,  pp.  BS,  124. 

■  Tlie  cQmpDDiid  AgiBb  appeara  to  bt  the  only  deflnlte  anUmanldt  afiOTM'.Uig  ottaan  an  mixed  orystab. 
See  C.  T.  Hey<!OCk  and  F.  H.  NevUe,  Phllos.  Trana.,  toL  ISBA,  1887,  p.  3S;  £.  Uaay,  Zeludir.  pbjsiktL 
Qiemls,  VOL  K,  ISM,  p.  200:  Q.  I.  FeDniko,  Zaltaclir.  uuu«.  Chamta,  voL  SO,  ISOS,  p.  I3B,  and  T.  Ltobfadi, 
Sttnuigab.  E.  Akad.  Wta.  Beillo,  lS10,p.  369.    I>etteiLko  dtee  other  celemuea. 

•  Dry  hydroeen  aalpblde  does  not  attack  aflVM-. 

•  Compt.  Rend.,  vol.  S2, 1891,  p.  SIS. 

« Idem,  vol.  SS,  1877,  p.  1141  — 

>  Amudei  ehlm.  phys.,  3d  wr.,  vol.  fit,  ISfid,  p.  117. 

•  ZeitKAr.  anorg.  Cbemle,  vol.  9, 189G,  p.  31. 

•  Llablg'B  Annalen,  vol.  139, 18«,  p.  358. 

■*  ZettBCbr.  Kryil.  Km.,  voL  17, 1890,  p.  W7. 

"  Bar.  DeotKdi.  Chan.  OsbdU.,  tdI.  IS,  U83,  pp.  3»,  IDO%  VOL  17, 1884,  p.  19U. 
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leoBt  his  deductions  from  them,  are  of  douhtful  validity.  Later 
investigstioiiB  hare  failed  to  confirm  them.* 

Some  of  these  syntheses  evidently  have  no  exact  parallel  iu  nature. 
Probably  the  natural  reactions  are  of  the  simpleetldnd.  Sulphur, 
sulphur  dioxide,  or  hydrogen  sulphide  acta  either  upon  metallic  silver 
OF  upon  any  of  its  naturally  available  compounds,  solid  or  in  solu- 
tion, and  the  sulphide  is  formed.  Its  ciystallization,  which  is  accel- 
erated by  the  laboratory  methods,  is  presumably  a  question  of  time, 
aided  by  the  slight  solubility  of  the  compound.  The  last  remark, 
obviously,  applies  to  many  other  sulphides  also.  The  reduction  of 
sulphate  solutions  by  organic  matter  is  another  probable  mode  of 
generation. 

It  has  already  been  shown  iha,t  orgentite  is  easily  reduced  to  sil- 
ver.  Indeed,  silver  sulphide  is  the  most  readily  reducible,  that  is, 
the  least  stable,  (^  all  the  oommoner  sulphides.  This  is  illustrated 
by  its  heat  of  formation,  which  is  low  compared  with  that  of  other 
sulphides.  The  following  data,  giving  heata  of  formation  from  solid 
metal  and  sohd  sulphur,  are  furnished  by  Julius  Thomsen.'  The 
figures  represent  small  calories. 

0MU  ijf formation  t^variout  tulpkidet. 

PbS 20,430 

Cu^ 20,270 

^ 16,890 

Ag^ 5,340 

On  the  other  hand,  silver  is  precipitated  from  its  solutions  by 
pyrite,  chalcopyrite,  galena,  and  other  sulphides.*  H.  N.  Stokee,* 
in  the  laboratory  of  the  United  States  Geological  Survey,  found  that 
marcasite,  heated  with  silver  carbonate  and  potassium  bicarbonate 
solution  at  180^,  precipitated  silver  sulphide.  According  to  R. 
Schneider,*  bismuth  sulphide  precipitates  silver  sulphide  from  a 
nitrate  solution.  A.  Gibb  saA  K.  C.  Philip,*  also  working  with  silver 
nitrate  solutions,  found  that  cuprous  sulphide  precipitated  silver  sul- 
phide, while  copper  or  cuprous  oxide  threw  down  metallic  silver. 

In  a  recent  investigation  by  Chase  Palmer  and  E.  S.  Bastin '  a 
considerable  number  of  sulphides  were  treated  with  dilate  solutions 
of  silver  sulphate  at  ordinary  room  temperatures.    Metallic  silver 

'BwW.  HaUook.AnLlonr.  SoL,3dMir.,vaLH,lB87,  p.an:«nd  BnlL  U.  S.  0«oL  Sarrv  Ko.  M,  USD, 
p.BB.  Also  tlw  gvwrel  diMunton  Of  praBMm  aS«cu  bj  J.  IiduMonaadL.  H.  Admu,  Am.  Jour.  ScL, 
Ith  acr.,  yoL  W,  1013,  p.  306. 

•  Thennodwrnladw  tJnleraaohmicen,  ToL  3,  IB89,  p.  465. 

>  Bm  W.  Skey,  TnuB.  New  Zcaltmd  Iwt,  Tid.  1, 1S7D,  p.  3SS. 

•  Boon.  Gcologr,  vol.  2,  ID07,  p.  IB. 

•  foor.  pnkt.  Ctumk,  U  mc.,  vol.  41,  UtO,  p.  4U. 

•  Tnns.  Am.  Injt.  Uta.  Eng.,  ToL  30, 1900,  p.  W7. 

•  EoDD.  Oeolosr,  *ol.  8,  IB13,p.  Itt.  Also  Palmer,  Idam,  ToL  •,  1M1,  p.  VM,  Hid  F.  F.  Oront,  Idtm,  vol. 
t,t.W.  On  tbe  predpUatioQ  of  silver  by  copper  nilphUn,  see  E.Foanlri^  Jour.  An.  ClKin.3oa.,ToL 
W,lS14,p.U7S. 
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was  precipitated  by  chalcocite,  nicooUte,  ooTellite(l),  bomito,  ten- 
nantite,  alabandite,  Bmaltite,  maroasite,  pyrrhotite,  and  chalcopiyiitie. 
little  or  no  reaction  was  observed  with  (nnnabar,  stibnite,  pyiite, 
galena,  millerite,  splialerite,  jameaomte,  orpiment,  and  realgar.  A 
spefnmen  of  niooolite  containing  much  cobaltite  gave  peculiariy 
Bnggeetive  results.  Hie  niooolite  went  comi^etefy  into  Bolutioa, 
precipitating  an  equivalent  amount  of  silver,  while  the  cobaltite  was 
unattacked.  The  arsenides  generally  weare  found  to  dissolve,  wiiile 
the  sulpharsenidee,  like  cobaltite  and  arsenopyrite,  failed  to  reacfc. 
A  quantitative  method  for  estimatJng  the  relative  proportions  of 
suoh  minerals  in  a  mixture  is  therefore  now  available,  apart  from  the 
KgDJficanoe  of  the  data  in  the  study  of  seoondaiy  enrichment.  In 
certain  details  the  results  obtained  are  apparently  inconsistent  with 
the  statements  of  previous  investigators.  This  inconsistenoy  is  prob- 
ably due  to  differenoes  in  the  experimental  conditions.  Differeait 
solutions,  whether  acid  or  alkaline,  different  oonoentrati(»is  and 
temperatures,  and  impurities  in  the  minerals  studied  would  account 
for  mui^  disoordanoe.  Fyrite,  for  example,  often  contains  admix- 
toree  of  maroasite,  the  latter  being  an  active  precipitant  of  silver, 
the  former  not.  Suoh  impure  pyrite  would  evident^  give  an  appar- 
ently abnormal  reaotion.  The  ease  of  covellite  is  similarly  question- 
able. The  natural  mineral  contiuns  some  admixed  chaloocite,  which 
precapitatee  silver  quantitatively.  Pure  oupric  sulphide  dissolves  in 
a  solution  of  ralver  sulphate,  precipitating  silver  sulphide.  It  is 
desirable  that  reactions  of  this  class  ^onld  be  further  investigated 
with  pure  synthetic  minerals,  and  also  with  solutions  of  silver 
chloride.  The  nitrate  is  not  an  appropriate  solvent  to  use,  for  it 
probably  does  not  occur  in  nature,  and  it  may  give  rise  to  confusing 
secondary  reactions.  Primary  reactions  of  the  character  described  in 
the  preceding  paragraphs  doubtless  assist  in  the  secondary  enrich- 
ment of  ore  bodies,  the  silver  being  dissolved  above  and  redepouted 
below. 

The  sedenide  of  silver,  naunmnnite,  Ag^,  is  a  well-known  but  rare 
mineral.  A  sulphoselenide,  aguilarite,  Ag^SSe,  has  also  been  de- 
scribed. Naumannite  often  contains  lead,  due  to  admixtures  of 
the  lead  selenide. 

Heesite  is  the  normal  telluride  of  silver,  Ag,Te.  Stutute,  Ag^Te,  is 
a  more  doubtful  substance.  The  synthesis  of  heesite  by  Margottet  has 
already  been  mentioned.  B.  Brauner '  also  obtained  it  by  the  same 
method.  R.  D.  Hall  and  V.  Lehher*  prepared  the  compound  by 
reducing  silver  tellurite,  and  they  also  found  that  a  telluride  was  pre- 
cipitated by  the  action  of  tellurium  upon  silver  solutions.    Two  tel- 

1  Jour.  Cbcin.  Bon.,  ml.  ss,  Itta,  p.  in.  •  lour.  Am.  Chnn.  Soc,  vol.  U,  IMS,  p.  9U. 
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luridee,  AgTe  and  Ag,Te  hare  been  prepared  by  G.  PeQini  and 
E.  Quercigh.' 

Eucairite,  CuAgSe;  stromeyerite,  CuAgS;  stembergite,  AgFe^,; 
and  frieeeite,  Ag^FegS,,  are  rare  Bilver-bearing  muterals. 

The  sulphosalts  fomied  by  Bilver  with  the  sulphides  of  arsenic,  anti- 
mony, and  biBmnth  are  quite  numerons.  Some  of  them  are  important 
one;  others  are  mineralogical  rarities;  but,  on  account  of  their  inter- 
relationships, all  «n  significant.    They  may  be  arranged  as  follows: 

Smithite AgAeSj Uonocliiuc. 

Mla^yrite AgSbS, Monoclinic. 

Matildite AgBiSj (?) 

IVouetlte AgfAaRf Rhtmbolwdnl. 

XuHhoconite A&AiS, Monoclinic. 

PyniKyiite' Ag^bS, Rhcmbdiedal. 

Pyrootilpnite AgjSbS^ Monoclinic. 

Tapalpite  » Ag,BiTei Manive. 

Stephaoite AgaSbSi OrtfaoihomUc. 

Fevc«ll« AgfiktBt Monoclinic. 

Fdjbante i^hSt OrUicffliombic. 

Folyaigyrito Ag^Sb^t iBometric. 

Scht^bacbito Ag^Bi^i OrduB'hombic. 

Brongniardite Ag^PbSbiSi Isometric. 

Andorite Ag;PbSb,8, OrthcrfiMnbic. 

Bcbinnerite (Aga,Pb),Bi«8, Mastve. 

Diaphorite (A«j,Pb),8b4Si, Orthorhombic. 

B^Mlebenite (AghPb)iSb4S„ Monoclinic. 

Several  other  sulphosalts  of  lead  and  oopper  also  contain  replace- 
ments of  silver  of  considerable  importance.  Tennantite,  Cu^^,, 
contuns  tip  to  13.65  per  cent  of  silver;  and  tetrahedrite,  Cu^b,S,,  up 
to  31.3  per  cent  In  coealite,  Pb^iiSo  as  much  as  16.66  per  cent  of 
mlver  has  been  found.  The  tin  and  germanium  sulphosalte,  canfield- 
ite,  AggSuSg,  and  ai^fyrodite,  Ag,GeSg,  are  very  rare  minerals.  Small 
admixtures  of  any  of  these  compounds  with  other  sulphides,  how- 
ever, would  render  the  latter  iiseful  ores  of  silver. 

Several  of  these  sulphosalts  have  been  prepared  synthetically. 
J.  Durocher  *  claims  to  have  obtained  them  by  heating  mised  chlorides 
of  silver  and  antimony,  or  silver  and  arsenic,  in  a  current  of  hydrogen 
sulphide.  Details  are  not  given.  H.  de  S«iarmont,*  by  heatiog  a 
salt  of  silver  at  temperatures  raiding  from  260°  to  350°  with  a  solu- 
tion of  an  alkaline  snlpharsenite  or  sulphautimonlte  in  an  excess  of 
sodium  bicarbonate,  sncceeded  in  producing  pyrai^yrite  and  prous- 
tite.     By  precipitating  a  solution  of  silver  nitnte  with  the  potassium 

1  AM  R.  aaoad.  Lbuel,  voL  IB,  pt.  >,  1910,  p.  41fi. 
*  A  maagtolftraoB  lolphantliiiaiiKdv  of  sOvtTi  nmsoatta,  tUM 
K  tnd  Frutt,  CmtnlbL  Ufa.,  Qtd.  u.  PiL,  1910,  p.  tSL 
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sulphantimonate,  K^bS|,  I.  Pouget  *  obtained  the  amorphous  com- 
pound Ag^bS,,  oquiT&lent  in  composition  to  pyra^^yrite. 
C.  Dodter*  prepared  miu'gTrite,  pyrai^yrite,  and  stephanite  by  a 
modification  of  Smarmont'a  method.  Silver  chloride,  mixed  wi^i  a 
sodiom  carbonate  solution  of  potassium  sulphantimonate  in  varying 
proportions,  was  heated  with  hydrogen  sulphide  in  sealed  tubes  to 
SO^-ISO*.  Pyrai^yrite  was  most  easily  formed;  miargyrite  appeared 
only  once.  Doelter*  ateo  heated  silver  chloride  with  antimony 
tridliloride,  sulphide,  or  oxide  in  hydrogm  sulphide,  and  obtained 
similar  results.  H.  Sommerlad  *  prepared  pyraigyrite,  miai^yrite, 
and  stephanite  by  heating  antimony  sulphide  and  silver  chloride 
together.  With  aiBenic  trisulphide,  proustite  was  f(»med.  Ilie 
same  specieB,  and  also  polyargyrite,  were  produced  when  tha  com- 
ponent Bulpbidee  were  fused  together  in  a  stream  of  hydn^en  sul- 
phide. According  to  R.  Schneider,'  potassium  bismuth  sulphide, 
KBiS],  added  to  a  solution  of  silver  nitrate,  precipitates  the  compoimd 
AgBiS,.  This,  (uystallized  by  fusion,  becomes  matildite.  Matildite 
was  also  made  by  Roessler  *  when  the  sulphides  of  silver  and  bismuth 
were  allowed  to  crystallize  together  from  solution  in  molten  bismutii. 

F.  M.  Ja^er  and  H.  S.  van  Klooster,^  by  prolonged  heating  at 
200'-240°  of  a  mixture  of  antimony  trichloride  and  silver  sulphide  in 
a  concentrated  solution  of  sodium  sulphide  and  sodium  bicarbonate, 
obtained  cr^talline  scales  of  pyrargyrite.  By  direct  fusion  of  the 
component  sulphides  together  in  an  atmosphere  of  nitrogen  they  pre- 
pared pyrargyrite,  miargyrite,  proustite  and  "  arBenomiargyrite,"  the 
last  named  being  probably  identical  with  smithite.  From  the  fusion 
diagrams  they  infer  that  some  of  Sommerlad's  results  were  erroneous. 

From  theee  syntheses  it  is  evident  that  the  sulphosalts  of  silver 
are  easily  formed,  and  by  varioTis  methods.  Those  which  involve 
fusion  are  probably  not  operative  in  nature,  for  the  or«e  under  con- 
sideration are  commonly  associated  with  gangue  minerals  which 
could  not  he  formed  in  that  way.  Quartz,  calcite,  fiuorite,  barite, 
etc.,  are  vein  minerals  whidi  can  be  deposited  only  from  solution, 
and  the  same  rule  must  hold  for  the  accompanying  sulphides.  Sohi- 
taons  of  silver,  produced  by  oxidation  of  ores,  probably  react  with 
great  slowness  upon  sulphur  compounds  of  uBenic,  antimony,  or 
bismuth;  and  the  new  minerals  are  produced  under  varying  condi- 
tions. The  nature  of  the  primary  sulphides  and  trf  the  infiltrating 
solutions,  together  with  conditions  of  concentration  and  temperature, 
determines  the  character  of  the  sulphosalts  to  be  formed.    These  con- 

1  Compt.  RsQd.,  Tol.  134,  l«r,  p.  ISIS. 

■  AUgcmdiw  ohsmliehi  HtaoBlocle,  IBM,  p.  Ul 

'  ZeHscht.  Kits'-  Mln->  voL  11, 1888,  p.  19. 

•  Zeitachr.  uutfg.  Chfimle,  tdL  IS,  IMT,  p.  m;  vid.  18,  UB8,  p.  OU. 
>  Jour,  prakt  Disnile,  3d  scr.,  toL  41,  mo,  p.  iU. 

•  Z«lt3clir.  anorg.  Cbank,  voL  «,  UH,  p.  81. 
)lileai,ToLn,mj,p.MS. 
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ditdons  are  imperfectly  known,  at  least  quantitatively,  and  so  far  as 
the  natoral  phenomena  are  concerned;  but  tiie  syntheses  gire  hints 
which  may  aid  in  their  future  discoveiy.  It  is  also  possible  that 
aisenical  or  antimomal  solutions  may  react  upon  silver  compounds, 
such  as  ai^ntite  or  the  ohloridee,  and  so  form  eulphoealts  of  different 
kinds.  The  supposable  reactions  are  many,  and  it  is  not  easy  to 
determine  which  ones  have  operated  in  any  particiilar  case. 

The  haloid  ores  of  silver  renudn  to  be  mentioned.  These  are  repre- 
sented by  three  distinct  and  several  intermediate  mineral  species; 
the  three  being  ceraigyrite,  or  horn  silver,  AgCS;  bromyrite,  AgBr, 
and  iodyrite,  Agl.  Kmbolite  is  a  chlorobromide;  iodobromite  is  rep- 
resented by  the  formula  2AgCl.2AgBr.AgI;  cuproiodargyrite  is  near 
OuAgI,;  and  miendte  is  an  ieometric  iodide  of  silver,  the  commoner 
iodyrite  being  hexagonal.' 

All  these  mtner^  are  secondary,  and  appear  for  the  most  part 
in  the  upper  levels  of  ore  bodies.  Infiltrating  solutions  of  chlorides, 
bromides,  or  iodides  act  upon  the  oxidation  products  of  the  primary 
ores,  and  precipitate  these  relatively  insoluble  species.  They  are  not 
absolutely  insoluble,  however,  and  probably  crystallize  very  slowly 
from  extremely  dilute  solutions.  A  form  of  silver  chloride  identical 
in  appearance  with  oerargyrite  was  prepared  by  F.  Euhlmann '  when 
a  solution  of  Bilver  nitrate  was  allowed  to  mix  very  gradually  with 
aqueous  hydrochloric  acid.  The  two  solutions  were  separated  by  a 
porous  layer  of  asbestos,  pumice,  or  platinum  sponge,  through  which 
tiiey  slowly  commingled.*  Such  a  blending  of  solutions  may  take 
place  in  nature,  through  layers  of  decomposed  rock  substance,  such 
as  a  sandy  clay  or  a  gossan. 


The  minerals  of  copper  are  much  more  numerous  than  those  of 
silver,  and  represent  a  wider  range  of  composition.  Ko  oxidized  ores 
of  silver  are  known,  but  copper  is  found  not  only  as  oxide,  but  also  in 
silicates,  sulphates,  phosphates,  arsenates,  carbonates,  a  basic  nitrate, 
and  an  oxycMoride.  The  metal  is  easily  oxidizable,  and  is  also  easily 
reduced;  it  therefore  occurs  both  as  native  copper  and  in  its  many 
compounds. 

M'ative  copper  is  commonly,  if  not  always,  a  secondary  mineral, 
either  deposited  from  solution  or  formed  by  the  reduction  of  some 
solid  compound.    Pseudomorphs  of  copper  after  tiie  oxide,  cujnite, 

'See  a.  T.  Frte  *Dd  L.  J.  Spcnon',  Mtnfmlog.  Hag.,  vol.  13,  tMB,  p.  m,  kr  ■  E^iKral  paptr  OD  Om 
eemgyiitt  gronp,  H.  B.  Eosmaon  {IiBupoldlna,  voLSO.iaM,  pp.  1)3,303)  hM  dbeoawd  the  tonnatkni  of 
tlKM  area  fnm  ■  theimoehemkBl  point  of  Ttev.  A  mlncnl  bavtat  tbt  brmnla  XKaCI-f  AgCl  hM  been 
oalkd  hnantalaTlte.  BeoentpapenDDttaegenoiiDtthaeonianbTC.  R.  EBTa,  Econ.  Oeolog;,  toL  1, 
1S07,  p.  7T«  BnU.  Am.  Imt  lUn.  £i«.,  Jnl;,  1011,  p.  Ul,  »Dd  J.  A.  Biu««,  Idem,  ToL  8,  igil,  p.  IS. 

•Compt  Rend.,  voL  a,  IBSS,  p.  S7^ 

■H.  Debn;  also  iT7iU11b«d  the  Chloride,  bnHnUe,uXlbdldeoIrilTerlIiiin>(iiieoDa»liitJD&ifii  met- 
carlo  nttntc.   Compt  Bend.,  Tot.  TO,  1810,  p.  BU.   TbtipraeeMMalMidl;  be  a  reproduction  of  utanl 


969  THE  DATA  OP  OEOOHBMISTBY. 

are  well  known;  and  remarkably  perfect  pseudomorpha  after  azarite, 
from  Grant  Comity,  New  Mexico,  have  been  described  by  W.  S. 
Yeates.*  According  to  W.  Zindgren,'  a  Tela  of  metaUie  copper  at 
Clifton,  Arizona,  appears  to  have  been  formed  from  chalcocdte. 
Examples  of  this  general  character  might  be  multdpHed  indefinitely. 

T.  Camelley  *  has  shown  that  metallic  copper  ia  perceptibly 
attacked  and  dissolved  by  distilled  water,  and  much  more  bo  by  saline 
solutions  resembling  those  egsting  in  nature.  The  direct  solubifity 
of  the  sulphides  was  considered  earlier  in  this  chapter,  and  also  Ufce 
formation  of  strong  sulphate  solutions  by  oxidation  of  pyrite  ores. 
!From  solutions  such  as  these,  but  very  dilute,  the  greater  deposita  <tf 
native  copper  appear  to  have  been  formed. 

In  the  Lake  Superior  r^on  the  greatest  known  deposite  of  metaUio 
copper  are  found.*  Its  original  home,  perhaps  as  sulphide,  was  in 
the  unaltered  igneous  rocks,  but  its  ooncentrations  are  now  found 
in  the  sandstones,  conglomerates,  and  amygdaloids.  In  the  sand- 
stones and  conglomerates  it  acts  as  a  cement,  and  it  also  replaces 
pebbles  and  even  bowlders  a  foot  or  more  in  diameter.  Some  of  Ihe 
masses  of  copper  are  enormous;  one,  for  example,  found  in  the  Min- 
nesota mine  in  1867,  weighed  about  420  tons.  It  is  associated  vilh 
other  minerals  of  hydrous  origin,  such  as  epidoto,  datolito,  calcito, 
and  zeolites,  and  ciJcite  crystals  are  known  whic^  had  been  coated 
with  copper,  and  then  overgrown  with  more  calcite.  Lane  also  men- 
tions a  quartz  crystal  which  had  been  corroded  and  mainly  replaced 
by  copper.  Frequently  the  copper  indosee  nodules  of  native  silver, 
which  w«»  evidently  precipitated  first  and  then  enveloped  by  the 
baser  metaL  Had  these  metals  been  deposited  from  a  fused  magma 
they  would  have  formed,  not  separately,  but  as  an  alloy.  The 
reducing  agent,  according  to  Fumpelly,  was  probably  some  compomid 
of  iron,  oxide  or  silicate;  and  R.  D.  Irving  substantiates  this  opinion 
by  citing  particles  of  cementing  copper  which  inclosed  cores  of 
magnetite.  Pumpelly's  concluaiqn  was  based  upon  the  constant  asso- 
ciation of  the  Lake  Superior  copper  with  epidote,  deleesite,  and  the 
green  earth  silicates,  all  of  which  are  ferriferous.  H.  "S.  Stokes  * 
has  found  that  hornblende  and  siderito  can  precipitate  metaltio  cop- 
per from  a  sulphate  solution  heated  to  200°.  Under  ce>rtain  cona- 
tions, also,  ferrous  sulphate,  pyrite,  and  chalcocite  are  capable,  accord- 

>  Am.  fcmr.  ScL,  3d  sa.,  voL  B8, 1S8B,  p.  40£. 

•  ProL  Ftper  U.  8.  Oeol.  Surre?  So.  13,  ISOG,  p.  in. 

•loni.  Cbem.  Sac. ,  vol.  SO,  1S7B,  p.  1.    See  aba  H.  Heldnun,  Cbem.  Nrws,  Tol.  78,  UW,  p.  «•. 

'8m  H.  Credner,  Veata  Jthrb.,  1849,  p.  1;  R.  PntnpellT,  Atn.  Jour.  Sd.,  Sd  ta.,  tdL  3,  isn,  p.  US; 
Oeol.  Bnrrey  Ulchigsn,  vol.  t,  pt.  3,  lg73,  and  Pioe.  Am.  Amd.,  voL  U,  IS7S,  p.  sS3j  H.  S.  Wadxwnrtb, 
BnlL  Utu.  Camp,  Zoal.,  vol.  7,  ISSO,  p.  1;  R.  D.  Irring,  Uan.  C.  S.  Oetd.  Bnriey,  voL  6, 1883,  darter  10; 
A.  C.  Lme,  Rcpt.  Stat«  Bd.  Qtoi.  SnTrey  Ukblgaa,  1903,  p.  aXf,  Qiurt.  BoD.  Ctotudiui  IDq.  Inst,  No.  U, 
lSU,p.ei;*ad  twoTohmHaoDtlieEemeiiavKriaipiiblhlKd  bj  the  lUchlgBO  Surv«7  fn  IHl.  latlu 
Sew«cmwui  rocka  of  Ubmnota  ?.  V,  Grout  <Boin.  Owloi;,  toI.  S,  IVIO,  p.  471)  bM  tuad  tnm  0;0U 
to  O.tBt  per  oeot  of  copper. 

•  Eoon.  attHogj,  vol.  1,  p.  M,  IflOB. 
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ing  to  Stokes,  of  redudng  cupric  sulphate  to  the  metallic  state.  Cop- 
per itself  reacts  with  cupric  sulphate  solutions,  reducing  them  to 
cuprous  fonn.  Whm  such  a  solution  of  cuprous  sulphate  is  produced 
at  a  high  temperatiu^,  it  dq>osit8  crystallized  metallic  copper  upon 
cooling.'  In  this  way  a  hot  ascending  solution  of  cupric  sulphate 
may  dissolve  copper  and  redeposit  it  at  a  higher,  cooler  level.  H.  C. 
Biddle,'  by  heating  a  solution  of  ferrous  chloride,  cupric  chloride, 
and  potassiimi  bicarbonate  in  an  atinosphere  of  carbon  dioxide  tmder 
pressure,  obtained  a  precipitate  containing  metallic  copper.  A. 
Gautier*  has  shown  that  superheated  steam  will  reduce  cuproua 
sulphide,  chalcocite,  to  the  metalUc  statf ,  according  to  the  reaction — 

Cu,S  +  2H,0  =  2Cu  +  SO,  +  2H,. 

Some  experimenba  conducted  in  the  physical  laboratory  of  the 
United  States  Geological  Survey  *  are  very  suggestive  as  r^arde  the 
crystallization  of  copper  and  silver.  Water,  ammonium  chloride,  and 
tremolite  were  heated  togethw  during  three  and  a  half  days,  at  465° 
to  540°,  in  a  steel  bomb  lined  with  a  silver-plated  copper  tube.  The 
tube  was  attacked  near  its  base,  and  the  two  metals  were  redeposited 
in  separate  crystals  in  the  upper  and  cooler  regions  of  the  apparatus. 
In  the  lower,  hotter  part  an  alloy  of  silver  and  copper  was  formed. 

In  some  cases  oiganic  matter  is  evidently  the  reducing  agent.  H. 
de  Senarmont '  showed  that  copper  solutions  were  thus  reduced  at 
temperatures  between  150°  and  250°.  R.  Beck'  mentions  native 
copper  filling  the  marrow  cavities  of  fossil  bones  in  the  Peruvian 
sandstones  of  Corocoro,  Bohvia.  The  films  of  copper  often  found  in 
shales,  as,  for  example,  near  E^d,  Oklahoma,^  were  doubtless  pre- 
cipitated by  substances  of  organic  origin.* 

On  the  other  hand,  copper  readily  undergoes  oxidation,  yielding 
cuprite,  malachite,  and  sometimes  azurite.  All  of  l^eee  species  are 
known  to  occur  as  coatings  upon  the  native  metal  On  buried 
Chinese  copper  coins  of  the  seventh  century  A.  F.  Rogers '  identified 

I SUAn, Eooo.  OsolaET,  voL  1,  l«as, p.  M8.    SMklunrUvlnvCBtlgatkiagcfUd  by  Btokn. 

I  Jour.  Oaotogy,  tOL  >,  19D1,  p.  430:  Wil  Am.  Chun,  four.,  vol.  X,  IMl,  p.  37T.  Q.  FenUkcB  (Emi. 
Gsology,  vol.  3,  leOT,  p.  CSl}  liaa  ilio  dmillwd  ttia  pndpltBtlm  of  oopper  Etom  luatnl  oblwlde  ndutloDS 
by  F«Ck  SeealsoC.  F.  TolmsuHMlJ.  D.  Clark,  Ideiii,vaL8,  iai4,  p.  SN,  en  tbe  bditiTki  of  ot^pci  to 
Wliolytia  and  colloidal  HilutlODi. 

■Compt.  IteQd.,vol.  112, 1908,  p.  IIU. 

I  PnUmtnary  uotka  by  F.  E.  Wright,  Bezant,  vol  K,  1M7,  p.  38). 

'  Anium  dilm.  pbye.,  M  aer.,  vol.  33,  lUl,  p.  iw. 

•  On  itpoMt,  WMd-s  tnuubUon,  p.  49». 

T  8«e  E.  Bairorth  and  J.  Bcmiatt,  Bull.  Oed.  8oo.  Amwioa,  voL  U,  1900,  p.  3. 

•  The  uaooktlco  ol  copper  ore,  oUiar  than  nacivg  ooppar,  vlUi  orgaixlo  nmalm  li  b;  no  m«uui  ran. 
Fa  uamplo,  E.  J.  ScbmiU  (Tians.  Am.  InM.  Hln.  Eng.,  vol.  39,  ISM,  p.  101}  mi"""^  irapncnatiou 
olcoppar  bloBU  wood  kiliuPciiDlaii  of  Texas.  Pco;  (ifeCaUorgy,  vd.  1, 1875,  p.  3ll)^alaBtoacaprl(- 
(rou5  peat  Id  Wales  whlota  bad  aotualtr  basD  irorked  as  an  <xe.   Ita  aab  ivwit«tn«ii  about  3  pw  omt  ol 

•  Am.  OeokgM,  tqL  SI,  ISOS,  p.  O.  Slmflar  oobu,  piolMbly  Iiotii  the  aama  And,  an  la  tba  oolIeotloDS 
ol  the  United  Statca  Natlcnal  Unaenm.  A.  Laimix,  BuIL  8oo.  mlo.,  voL  23, 190*,  p.tU,1aa  asixttd' 
chaloDClte  on  ancient  Roman  coins. 

97270°— Bull.  6ia-16 12  ^-  r 
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cuprite,  malachite,  azurite,  cenisite,  imd  occasional  crystals  of 
metallic  copper.  In  the  last  case  the  oxidation  had  berai  followed 
by  a  reduction.     Other  similar  examplee  are  known. 

Among  the  less  important  ores  of  copper  there  are  three  arsenides, 
an  antimonide,  some  aelenides,  and  a  telluride.  The  arsMiides  are 
domeykite,  Cu,As;  algodonite,  Cu^;  and  whitneyite,  Cu^As. 
Mohawkite  is  a  domeykite  containing  several  per  cent  of  cobalt  and 
nickel.  Domeykite  was  produced  artificially  by  G.  A.  Soenig,'  who 
passed  the  vapor  of  arsenic  over  red-hot  copper.  Horsfordite  is  the 
antimonide,  (XSb.  Two  seleuides  are  known,  namely,  berzdianite, 
Cu^,  and  umangile,  Cu^e,.  Crookesite  is  a  selenide  of  coppw, 
silver,  and  thallium,  and  rickardite  is  the  telluride,  CUfTe,.  In  the 
electrolytic  refining  of  copper  at  Baltimore  considerable  quantities 
of  tellurium  accumulate  in  ih&  sUmea.  It  was  probably  diffused  as 
telluride  of  copper  in  the  original  ores. 

The  sulphides  of  copper  and  its  double  sulphides  with  iron  are  the 
most  important  ores  of  this  metal.  Their  composition  is  shown  in 
the  subjoined  formulse: 

Cholcocito Cuja. 

Covellito CuS. 

Glulcopyiite CoFeS^ 

Gholmenite' CuFe^. 

Cubaaite CuF^,. 

Bomite' .CujFeS,. 

To  this  list  the  rare  cobalt  copper  sulphide,  carrollite,  CuCoaS^,  may 
be  added. 

Several  of  these  species  have  been  found  as  furnace  products,  or 
obtained  by  iatentional  syntheses.  As  a  furnace  product,  chalcopy- 
rite  has  been  several  times  reported;  and  A.  N.  Winchell  *  found  it, 
together  with  bomite,  thus  formed,  probably  by  sublimation,  at 
Butte,  Montana.  On  another  product  from  the  same  looaUty,  W.  P. 
Headden  *  discovered  cubanite.  Chalcopyrite  was  first  prepared  by 
J.  Foumet,'  who  simply  fused  pyrito  and  copper  sulphide  together. 
F.  de  Marjgny '  obtained  "bomite  by  fusing  pyrite  with  coppw  turn- 
ings and  sulphur,  a  process  essentially  idwtical  with  Foumet's,  the 
difference  in  product  probably  depending  upon  the  proportions  of 
the  materials  used. 

lAm.  Jour.  SoL,  IthMT.,  voL  10,  IWO,  p.  US. 

<Sw£.  Hus»k,Csilnabl.  MM.,  G«oL  □.  FbI.,  1906,  p.  331.  B.  Sohiuldcr  (Joni.  pnkL  ClHmlt,  M  wr., 
TOL  GZ,  ism,  p.  555)  gives  tha  [ormula  herg  asslgiiad  to  cbalmuslta  to  ODbanitc. 

■  Ftsmula  as  eelablJihed  by  B.  J,  Hsnisgloa,  Am.  Tour.  BcL,  4th  sn,,  vol,  18,  IMS,  p.  lEl.  Tbe  (ddv, 
oommoiily  accepted  Earmub  Is  CuiFeSi.  On  serial  relatJaiu  twIWBea  the  coppn-lnm  milphldea,  an  B.  B. 
Xraiis  and  P.  OoldsbeiT?,  Am.IaaT.S(!l.,4th9ar.,  vcL  37, 19H,  p.SSt.  An  Important  jOAlimtauiy  plural 
tboa  OTM,  by  L.  C.  QraCoD  and  I.  If  utdoch  li  bi  Ttbdb.  Am.  iDit  Uta.  £■«.,  ToL  4i,  IDU,  Pl  3S. 

<  Am.  OedoglEt,  vol.  3S,  ISOl,  p.  Ui. 

•  Proa.  CdtBido  BcL  Bob.,  vol.  8,  IBOE,  p.  30. 

•  Annales  des  mfnea,  Sd  bu.,  toL  4, 1833,  p.  3. 
I  CompL  Bend.,  tdL  58,  UM,  P- <KT. 
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J.  DoTocher,*  by  the  aclioa  of  hydrc^en  Bulphide  upon  the  vapor 
of  copper  chloride,  obtained  copper  sulphide  in  hexagonal  tables. 
H.  de  Senarmont  *  heated  a  eotution  containing  ferrous  and  cuprous 
chlorides,  sodiom  persulphide,  and  a  large  excess  of  sodium  bicar- 
bonate to  250°,  and  so  produced  an  amorphous  precipitate  having 
tJie  composition  of  chalcopjrite.  According  to  C.  Doelter,'  malachite, 
heated  with  hydrogen  sulphide  solution  to  80°-90°  in  a  sealed  tube, 
yields  covellite.  Cupric  oxide,  heated  to  200°  in  a  stream  of  hydro- 
gen sulphide,  was  converted  into  covellite;  at  higher  temperatures 
chalcocite  formed.  By  gently  heating  a  mixture  corresponding  to 
2CuO  +  Fe,0,  in  gaseous  hydrogen  sulphide,  Doelter  obtained  chal- 
copyrite;  and  from  a  mixture  of  cuprous,  cupric,  and  ferric  oxides 
in  the  same  gas  at  100°  to  200°  he  prepared  bomite.  £.  Weinschenk  * 
effected  the  synthesis  of  both  chalcocite  and  coveUite  by  heating 
cuprous  or  cupric  solutions  with  ammonium  sulphocyanate  to  80° 
in  sealed  tubes.  It  must  be  remembered  in  this  connection  that  the 
sulphocyanate  serves  merely  as  a  source  of  hydrogen  sulphide  under 
pressure.  A.  F.  Rogers  *  obtained  coveUite  by  heating  sphalerite  in  a 
solution  of  copper  sulphate  at  150°-200°  in  a  sealed  tube. 

At  several  of  the  French  thermal  springs,  Bourbonne-lee-Buns, 
Plombieres,  etc.,  A.  Daubr^e*  found  Roman  coins  and  metals  upon 
which,  derived  from  the  bronze,  chalcocite,  chalcopyrite,  bomite,  and 
tetrahedrite  had  formed.  Similar  observations  were  made  by  C.  A. 
de  Qouvenain  ^  at  Bourbon-l'Archambault.  E.  Chuard  *  found  chal- 
copyrite upon  bronze  articles  from  the  Swiss  lake  dwellings.  In  all 
of  tiiese  instances  the  copper  of  the  bronze  had  been  attacked  by 
waters  containing  either  hydrogen  sulphide  or  alkaline  sulphides. 

Of  these  sulphide  ores,  chalcopyrite,  bomite,  and  chalcocite  are  by 
far  the  most  important.  Chalcopyrite  and  bomite  are  probably  the 
primary  compounds  from  which  the  others  are  in  most  cases  derived, 
and  they  have  been  repeatedly  identified  as  of  magmatic  origin.  In 
Tuscany,  according  to  B.  Lotti,*  pyrite,  chalcopyrite,  bomite,  chalco- 
dte,  and  sometimes  blende  or  galena,  occur  in  serpentinized  rocks  as 
original  segr^ations.  Similar  occurrences  in  Servia  are  reported  by 
R.  Beck  and  Baron  W.  von  Fircks;"  and  in  dioritic  rocks  at  Ookiep, 
Namaqualand,  by  A.   Schenck."    In  a  pegmatite  near  Princeton, 

I  Compt.  Bend.,  vol.  32,  IB61,  p.  SIS. 

■  Anooln  chfan.  fiya.,  3d  ttr.*,  voL  33, 1S51,  p.  IDS. 
'  Zdtacdir.  Kryit.  Uln.,  vid.  II,  isgO,  lip.  34-30. 

•  Idem,  tol.  17,  lam,  p.  4>T. 

t  School  ol  UlDta  Qnitrt.,  Tol.  SS,  UU,  p.  zge. 

*AiiiiBl«dnmii>B,Tlhagr.,voLg,U7S,p.439;  CoiDpt.R<iUl.,voLtt,lSn,p.48I;  EtuiIva7nth«tlqiMi 
d«KMi«i«Bipirliiuntale,  pp.  72-88.    SnaboA.  IaooIi,  BulL  Boo.  mln.,  toL  33, 1306,  p.  339. 

•  Cniipt.  Eanii.,  vol,  «D,  1875,  p.  1301. 

•  Id»m,»ol.m,1891,p.lM. 

•  BoU.  Soo.  gM.  BtlgiqiH,  vol  8,  lite.,  IBSa,  p.  1TB. 

■  ZttUctar.  prskt.  Oooloels,  1901,  p.  331. 

iiZelUchr,  Ucutseti.  gaol.  0«bU.,  vol.  la,  Vshiudl.,  ie()l,p.S4.  Seoalio  W.H.  Wtad,  Qng.  and  llfaL 
Joiir.,vol.  7B,  l«»,p.  271. 
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British  Colunibia,  J.  F.  Kemp  *  found  bomite,  which  had  all  the 
appearaace  of  a  primary  mineral.  To  original  sources  of  this  kind, 
segr^ated  or  disseminated  sulphides,  the  other  concentrations  of 
copper  ores  may  reasonably  be  attributed.  These  minerals  are  found 
also  in  veins,  in  contact  zones,  and  in  impregnations  or  replacements 
in  sedimentary  rocks,  but  the  home  of  the  coppw  in  the  first  place 
must  have  been  in  rocks  of  igneous  origin.  To  these  primitive  ores 
the  syntheses  by  fusion  may  have  some  relation;  secondary  deposi- 
tions originated  by  other  methods. 

From  chalcopyrite  or  bomite,  commonly  admixed  with  pyrite,  the 
other  ores  of  this  group  are  generated.  At  a  locality  in  the  Altai 
Mountains,  says  P.  Jerem^ef,'  every  stage  of  transition  from  chalco- 
pyrite to  chalcocite  may  be  observed.  In  the  secondary  enrichment 
of  copper  ores,  pyrite  plays  an  important  part.  Cupric  solutions, 
formed  by  oxidation  of  ores  in  the  upper  levels  of  an  ore  body,  react 
upon  pyrite,  and  chalcocite  is  formed.  This  reaction  has  been  par- 
tially studied  by  H.  V.  Winchell,'  who  treated  cupriferous  pyrite 
with  dilute  solutions  of  copper  sulphate  and  sulphur  dioxide  and 
obtained  films  of  cuprous  sulphide.  The  sulphides  of  arsenic,  lead, 
and  zinc  precipitated  copper  sulphide  from  sulphate  in  the  same  way. 
Chalcocite  is  thus  formed  both  from  pyrite  and  zinc  blende,  accord- 
ing to  W.  lindgren,'  at  Clifton  and  Morenci,  in  Arizona.  Chalcocite 
iteelf  alters  into  chalcopyrite,  bomite,  and  coveUite,*  the  last  species 
being  almost  invariably  of  secondary  origin.  Covedhte  heated  with 
a  solution  of  sodium  bicarbonate  was  found  by  H.  N.  Stokes*  to 
yield  chalcocite ;  and  chalcocite  reacts  with  copper  sulphate  to  form 
both  coveUite  and  native  copper.  The  precipitation  of  chalcocite  by 
pyrite  was  also  verified  by  Stokes.'  In  short,  these  minra-als  are  quite 
generally  convertible  one  into  another  by  very  varied  reactions,  and 
their  poragenesis,  therefore,  must  be  studied  independently  for  each 
deposit  in  which  they  occur.*  No  simple  rules  can  be  formed  to  cover 
all  cases,  and  a  port  of  the  difficulty  arises  from  the  fact  that  many 
of  the  reactions  are  reversible. 

iTruis.Ani.IiUt.Uln.Eiig.,vol.Sl,lDDI,p.lS2.  S»  also  J.  CatberinM.Ene.  and  UkLloor.,  TaLT», 
IflOl,  p.  US.  FTiiiiai7  bomllSBud  choloopTiiM  In  a  dkiritlc  rock  at  Phuuai  ComitT,  CalUOnila.anrBpiirMd 
b;H.  W.  Turneiuid  A.  7.  RogBis,  EooQ.  Geology.vol.  8,i),3a9, 1914. 

■  Zdftsdir.  Kiysl.  U In.,  vol.  SI,  ISM,  p.  106. 

•  Bull.  Gcol.SocAmodca,  vol.  U,ig08,p.2SB.  SmbIsoT.T.  HaBd.BiiIl.  Am.  Inst.  MIn.  Eng.,  Uaidi, 
U0«,p.2ei,>nd  E.C.  Sullivan,  idem,  Juiiai7,lM7,  p.  143. 

<  FtoI.  Paper  U.  8.  Oeol.  Survey  No.  43,  IBOS,  pp.  1S3-1M. 

■  gn  Dana's  SyvMm  ol  mliurelogr,  8th  ad.,  p.  M. 

•  Scan.  Oeologr,  to).  2, 1907,  p.  14. 

T  Bull.  V.  a.  Oeol.  Surver  No.  IW,  IMKI,  p.  44. 

•  At  Copper  IfocmlalD,  BiicUi  Cohunbia,  awordAig  to  Ecoip  (Eoon.  O«olog]r,  v^  l,  isog,  p.  u),  tha 
oiigliial  oM  iras  bornlta;  and  from  that  mbun)  ooraUllA  wJOl  Ilmoult*,  Um  idulcixdM,  and  lliiallr  dkaloa- 
dte  vllh  dulooprrlte  were  aucomlvtly  derived.  See  alio  I.Catharlnet,  Eng.uid  llln.  Trar.,  vol.  n, 
lH>e,p.  )1&.  On  seomdarj  au-iduDait  of  obaloocite  orn  sw  A.C.Sp«Dcar,  Eom.  Oeotofj,  vtl.  S,  ItU, 
p.  021, 
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Among  the  sulphosalts  there  are  &  number  containing  copper,  as 
follows : 

Chalcoetibite CuSbS,. 

Emplectite CuBiSf 

Styfcrtypito' Cii^S|. 

Botunonits CuFbSb^ 

WitticheniW (^BiS,. 

Aikenite CuPbBiS,. 

Enargite CujAsS,. 

F&niatimto CujSbS,. 

TMHumtito Co^AajS," 

Tetzahedrite Ou^bjS,. 

Klajaotholite Ou^i^S^ 

Epigenite  ' CuiAa^, 

Cuprobumutite Gu^i^, 

The  foregoing  formulse  are  typical,  and  make  no  allowance  for  the 
frequent  replacementa  of  copper  by  other  metala,  or  of  bismuth, 
antimony,  and  arsemc  by  one  another.  For  example,  there  are  inter- 
mediate mixtures  between  tennantite  and  tetrahedrite,  and  bismuth, 
presumably  as  Cu,Bi,Sf,  is  Bometimes  present  in  them.  There  are 
also  varietiee  of  these  minerals  containing  very  notable  proportions 
of  silver,  motsury,  zinc,  or  lead;  but  all  reduce  to  the  same  general 
type  of  formula.' 

R.  Schneider  *  by  passing  hydn^en  sulphide  into  a  solution  con- 
tuning  bismuth  trichloride  and  cuprous  chloride,  obtained  a  precipi- 
tate having  the  composition  of  wittichenite.  By  subsequent  fusion 
this  product  assumed  the  character  of  the  natural  mineraL  In  a 
later  investigation '  he  treated  a  solution  of  cuprous  chloride  with  the 
potassium  salt  KBiS,,  and  produced  a  compound  which,  after  special 
ptirification  and  fusion,  resembled  empleciite.  He  also  prepared 
emplectite  by  fusing  cuprous  sulphide  and  bismuth  sulphide  together. 
The  synthesis  of  boumooite  was  effected  by  C.  Doelter  *  when  a 
proper  mixture  of  the  chlorides  or  oxycompounds  of  copper,  lead,  and 
antimony  was  heated  in  a  stream  of  hydrogen  sulphide  to  a  tempera- 
tme  below  redness.  Above  that  temperature  the  entimony  com- 
pounds volatilize.  Evidently  the  sulphosalts  of  arsenic  and  anti- 
mony can  be  generated  only  at  relatively  low  temperatures.  By 
heating  cuprous  chloride  witii  antimony  sulphide  to  300°,  H.  Som- 
m^Iad '  prepared  chalcoetibite.  Another  preparation,  correepoud- 
ing  to  Ou,Sb^S„  was  similarly  obtained.    By  fusing  together  their 

>  CoppfT  paitl]'  raplaced  b;  lUvcr  Mid  Inni. 

■  CopiMi  isrtly  rcptaoed  b;  Iron. 

■OntlMeMiiIMsltkn<ril>traIiedrlU(bhlcn)BM  A.  Krabchmn,  ^{dlschi.  Krytt.  Hlii.,Tol.  4f<,lfltO,p. 


<  Pogg.  AmuJra,  ToL  127, 1866,  p.  316. 

•  Imr.  piakt.  Cb«nl«,  3d  nr.,  v(d.  W,  1889,  p.  «i. 

•  Zellachr.  Kiytt.  UId.,  vol.  11,  isM,  p.  Sfl. 

<  Zdtfdu-.  uion.  Cbamto,  toI.  18,  U88,  p.  410. 


.y  Google 


662  THE  DATA  OF  OBOCHBUISTBY. 

oompooent  elementa,  in  proper  proportion,  F.  IHicatte  *  obtuned 
emplectite,  aikenito,  and  wittichenite. 

Of  these  sulphoB^ta,  only  enai^te,  tetrahedrite,  tennantite,  and 
bouTDonite  are  at  all  common.  The  other  species  are  rariUes.  En&r- 
gite  is  an  important  ore  at  Butte,  Montana,'  and  in  the  Tintic  minea, 
Utah,  it  is  the  parent  of  a  number  of  rare  copper  arsenates.  Of 
the  latter  class,  produced  by  the  oxidation  of  enargite,  W.  F.  WSa- 
brand  *  has  identified  olivenite,  erinite,  tyrolite,  chalcophylhte,  clino- 
clasite,  loixite,  conichalcite,  and  chenevixite.  Several  other  natural 
arsenates  of  copper  are  known,  and  a  number  of  phosphates;  but 
they  need  do  further  consideration  here. 

The  two  oxides  of  copper,  cuprite,  Cu,0,  and  tenorite,  CuO,  are 
well-known  ores  of  secondary  origin.  Cuprite,  which  is  by  far  the 
more  common,  has  been  repeatedly  observed  as  a  furnace  product,* 
and  also  as  an  incrustation  upon  ancient  objects  of  copper  or  bronze.* 
Both  compounds  are  easily  prepared  synthetically.  Oednerite  is 
another  oxidized  compoimd,  having  the  formula  Cu^n^O,.  An 
earthy  oxide  of  manganese  containing  copper  is  known  as  lampadite. 

Cuprous  chloride,  nantokite,  CuCl,  and  the  iodide,  marshite,  Cul, 
ore  rare  minerals  of  slight  importance.  The  oxychloride,  atacanute, 
CujCl  (0H)„  is  more  common,  and  in  Chile  it  has  some  significanoe 
as  an  ore.*  Several  syntheses  of  it  have  been  reported.  F.  Field' 
obtained  atacamite  by  the  action  of  calcium  hypochlorite  upon  a  solu- 
tion of  copper  sulphate.  C.  Friedel  *  obtained  it  by  heating  a  solution 
of  ferric  chloride  with  cuprous  oxide  to  250°.  Neither  of  these  eyn- 
theees,  however,  corresponds  to  any  probable  process  in  nature.  Tlu 
observed  development  of  atacamite  upon  ancient  copper  and  bronze 
gives  a  better  notion  of  ita  genesis.  G.  Tschermak  *  reports  an  altera 
ation  of  atacamite  to  malachite,  and  has  shown  that  the  change  can 
be  artificially  reproduced  when  the  oxychloride  is  slowly  digested 
with  sodium  bicarbonate.  Pseudomorphs  of  chrysocoUa  after  ata- 
camite have  been  described  by  C.  Barwald." 

The  sulphates  of  copper,  normal,  basic,  and  double,  are  represented 
by  a  number  of  mineral  species,  but  only  two  of  them  are  important, 
lliese  are  the  normal  salt,  chalcanthite,  CuSO^.SHjO;  and  the  basic 
hrochantite,  Cu^SO^COH),.    Chalcanthite  is  deposited  in  crystalline 

1  Tbada,  TTnlT.  Parte,  1902. 

■  On  lecondarr  sarldimsntBt  Butte  ng  A.  N.  Bogen,  Ecim.  OtelogT,  voLg,19I3,  p.TSl.  On  thi  ftt%- 
CBUsli  ol  Ui«  Butte  ores  lee  I.  C.  Raj,  Idem,  vol.  B,  19U,  p.  M3.  Tor  eqxrliitaoti  ntatiT*  to  eopper 
viTkduneqt  mc  Q.  B.  Nialilhara,  Idem,  p.  743. 

•  Bull.  C.  a.  OeoL  Surrey  No.  20, 13SS,  snd  No.  St,  1S89. 

'  See,  tor  exunple,  A,  Airrunt,  Zeltachi.  EjTit.  llin.,  voL  18,  I39I,  p.  SB. 

•  In  addltloii  to  cBsa  alrwd;  dtsd,  >»  A.  Lamoli,  Bull.  Boo.iiiln.,vo1.  e,p.  ITS. 

•  ForadaaiptlonofanBtaoBmlteorebodjr.BaeJ.  A.  W.  Uurdoc]i,Tiaiie.Iiut.  Uln.  Un.,ToL9,  MOl, 
p.  300. 

T  PhUca.  llw..  «th  HI.,  vol.  21,  ise,  p.  123. 

■  Compt.  Rmd,,  vdL  77, 1S73,  p.  211. 

•  laSub.  £.-k.  leoL  Refchseiistalt,  toL  21,  IUq.  Mitt.,  p.  41. 
I*  ZeltMhr.  Kryil.  ICIn.,  toL  T,  1B8S,  p.  1S». 
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form  by  the  eraporation  of  cupriferous  mine  waters,  and  in  aome 
localities  it  is  actually  a  workable  ore.  For  example,  at  Copaquire, 
Chile,  according  to  H.  Oebmichen,*  ch^canthite  is  found  in  signifi- 
cant quantities  as  an  impregnation  in  partially  decomposed  granitic 
rocks,  associated  with  some  malachite,  azurite,  and  chrysocolla. 
Pyrite  and  chalcopyrite  are  also  present,  the  oxidation  of  the  latter 
mineral  having  furnished  the  sulphate.  Brochantite,  a  rarer  species, 
appears  to  be  more  common  than  is  generally  supposed.  W.  Lind- 
gren '  has  called  attention  to  its  presence  in  the  Clif  ton-Morenci  mines 
of  Arizona,  where  it  occurs  in  fibrous  forms  which  might  easily  be 
mistaken  for  malachite.  F.  Field  ■  prepared  brochuitite  artificially 
by  boiling  a  solution  of  copper  sulphate  with  a  very  small  quantity 
of  caustic  potash.  S.  Meunier*  obtuned  it  when  copper  sulphate 
solution  was  allowed  to  act  durjng  eleven  months  upon  fragmenta  of 
galena.  Apparently,  brochautite  is  easily  formed  by  natural 
reactions. 

Two  basic  carbonates  of  copper  are  common  secondary  ores.  They 
are  malachite,  Cu,(OH),CO„  and  azurite,  Cu,(0H),(C30,),.  Both 
species  are  formed  in  the  upper  [wrtions  of  ore  deposits,  by  the 
action  of  carbonated  waters  upon  copper  compoimds,  or  by  reactions 
between  cupreous  solutions  and  limestones.  They  also  are  found  in 
the  patina  of  ancient  bronzes.  A.  de  Sdiulten  *  prepared  malachite 
by  heating  precipitated  copper  carbonate  with  a  solution  of  am- 
monium carbonate  on  a  water  bath  during  eight  days.  Later,*  upon 
heating  a  solution  of  copper  carbonate  in  carbonated  water,  he 
obtained  a  precipitate  of  malachite.  L.  Michel '  reproduced  azmite, 
together  with  the  basic  nitrate,  gerhardtite,  by  leaving  a  solution  of 
copper  nitrate  in  contact  with  fragments  of  Iceland  spar  for  several 
years. 

Several  silicates  of  copper  are  known.  One  of  them,  chrysocolla, 
CuSiO|.2HiO,  is  common;  the  others,  dioptase,  CuHjSiO^,  bisbeeite, 
isomeric  with  dioptase,  shattuckite,  CuH,SijO,,  and  planchgite, 
H,Cu,SijO„,  are  rare.' 

A.  C.  Becquerel  *  obtained  dioptase  artificially  by  allowing  a  solu- 
tion of  potassium  silicate  to  diffuse  very  slowly  into  one  of  copper 
nitrate.  Chrj^ocolla  is  probably  formed  by  the  action  of  percolat- 
ing waters,  carrying  silica,  upon  other  soluble  compounds  of  copper. 
Possibly,  also,  it  may  be  produced  during  processes  of  secondary 

1  ZaltMbr.  Vtkt.  OMlogu,  1M3,  p.  U7. 

'  Prof.  FapW  17.  S.  OsoL  Surve;  No.  43,  IMS,  p.  US. 

•  Phlks.  Uag.,  4th  aa.,  ToL  M,  ISBI,  p.  US. 

•  Compt.  Rend.,  toL  M,  ISTS,  p.  tSL 

•  Idam,  voL  110, 1880,  p.  Xa. 

•  Idem,  VOL  123,  iwe,  p.  13ffl. 

I  Ball.  Boc.  mbL,  toL  IS,  ISO,  p.  US. 

•  On  plnnch^tte,  iM  A.  I<aaalx,  Uburalngle  d«  Is  Fnmia,  toL  4,  p.  TtT,  IslO.  On  AMtattlti  hS  U^ 
bMtte,  IN  W.  T.  BchBllgr,  Jour.  Wuhiii«t(ai  Acad.,  vd.  S,  p.  7,  ISU. 

•  Compt.  Bend.,  vol.  87,  was,  p.  lOSl.  ClUKil   ' 
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enri(dmie&t.  E.  C.  Sulliviuk '  has  shown  that  powdered  shale,  feld- 
spar, biotite,  etc.,  will  withdraw  copper  from  sulphate  solutions,  the 
reaction  being  one  of  double  decompo»tioD.  The  ordinary  silicates 
lose  alkalies  or  alkaline  eartiis,  which  pass  into  solution  and  are 
replaced  bj  copper.  The  cupriferous  product  may  be  partly  silicate 
and  partly  hydrous  oxides,  but  its  investigation  is  as  yet  incomplete. 
MERCTTRY. 

Unlike  gold,  silver,  and  copper,  mercury  appears  to  be  not  widely 
diffused  in  nature,  although  it  must  be  admitted  that  minute  traces 
of  the  element  are  easily  overlooked.  Very  small  quantities  of  the 
precious  metals  can  be  determined  by  fire  assay,  but  the  Tolatilit7  of 
mercury  prevents  its  detection  by  sudi  simple  means. 

Apart  from  the  natural  amalgamg  of  silver  and  gold,  which  have 
already  been  mentioned,  mercury  occurs  in  the  following  minerals: 

Native  nuo-cuiT ; Hg. 

Cinnabu HgS. 

HetaciDaabBrite  * HgS. 

TJemmmite HgSe. 

Colwadoite HgTe. 

Onofrite l^S,Se). 

Lohrbachite HgSo+PbBe. 

LivingHtonlte HgSb^. 

Mondoydito HgO. 

Calomel Hg»Cl,. 

Twlinguait* Hg,C10. 

Bgleetonite Hg^CI^. 

To  iheee  must  be  added  kleinite,  a  curious  sulphato-chloride  of 
one  of  the  mercurammonium  bases  and  also  the  allied  moseaite. 
AmmioUte  and  barcenite  are  antimonates  or  antimonitee  of  mercury, 
of  uncertain  composition.  The  native  iodide  of  mercury  is  said  to 
exist,  but  its  identity  is  more  than  doubtful.  Mercury  is  also  found 
in  some  tetrahedrite,  in  proportions  ranging  as  high  as  17  per  cent. 
Very  few  of  these  minerals  have  any  economic  significance.  Cin- 
nabar is  almost  the  sole  ore  of  mercury,  although  the  native  metal  is 
sometimes  found  in  notable  quantities.  In  some  of  the  California 
mines  metacinnabarite,  the  black  sulphide,  was  once  abundant,  and 
tiemannite,  the  selenide  of  mercury,  was  conmiercially  worked  at  one 
time  in  the  Lucky  Boy  claim  in  Utah.*  Livingstonite  is  a  workable 
ore  at  Huitzuco  in  Mexico,  and  barcenite  is  a  substance  produced  by 
its  oxidation.*    Montroydite,  terlinguaite,  egtestonite,  mose^te,  and 

1  EiWL  Qcolo^,  vol.  1,  IDD5,  p.  ST.    Coioplele  npart  In  BoU.  V.  B,  GftiL  Bnrnj  No.  313,  HOT. 
I  auadolcaiarlts  19  mataclmialiarite  cantolntng  altttle  ilnc. 

•  Bee  0.  F.  fi«ck«r,  Hon.  U.  e,  0«ol.  Burv?;,  voL  13,  IS8S,  p.  JSC 

•  E.  HalM  (Ttbiu.  Nvtta  ctf  Eogluid  Inst.  Utu.  ana  Uech.  Eng.,  vtd.  tf,  ISU-M,  p.  7!)  tau  dawiibed 
mis  loeaUt7'  H«  taaOiee  tba  lonnBtlcn  of  th«  crea  to  hiIIUhIg  acOoa.  1.  llaetnr  (TrtOB.  Inst.  lUn. 
•Dd  Uat.,  voLl,  IMG,  p.  W),  H.  F.  Collfau  (Idem,  p.  120),  uid  3.  D.  VOlirello  (Uam.  aoc.doit.  AnL  AliUc, 
ToL  U,  ItOZ,  p.  M;  Ti^  ai,  1(03,  p.  aS9;  and  vol.  33,  igoe,  p.  >U]  bave  also  daecrlbed  Uu  "  ' 
BlWtr  dtpcalts.    llMtiarrecanlitlwmalluolaqaMKuuidprobabljaf  thmnaltflgtii. 
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kleinite  are  secondary  minerals,  which  occur  in  small  quantities  as 
derivatiTee  of  cannabar,  in  the  mines  of  Brewster  County,  Texas.* 
Calomel  has  been  f  omid  at  several  localities,  but  always  as  a  secondary 
species. 

Mercuric  sulphide,  as  shown  in  the  list  of  mineral  species,  occniB 
in  two  forms — the  red,  rhombohedral  oumabar  and  the  black,  iso- 
metric metacinnabarite.  To  the  one  species  the  artificial  product 
Termilion  corresponds,  while  the  ordinary  precipitated  sulphide, 
familiar  to  all  anslyats,  is  amorphous  and  black.  Vermilion  is  pre- 
pared by  many  processes,  which  differ  in  detail,  but  can  be  referred 
to  two  simple  types.'  Mercury  and  sulphur,  under  the  influenoe  of 
heat,  unite  directly,  and  upon  subliming  the  product  the  scarlet  pig- 
ment is  obtained.  The  other  general  process  is  based  upon  the  fact 
that  tiie  black  sulphide,  when  acted  upon  by  solutions  of  alkaline  sul- 
phides, can  be  converted  into  the  red  form.  To  these  fundamental 
processes,  the  wet  and  the  dry,  the  various  syntheeee  of  ciystalline 
cinnabar  correspond,  with  the  wet  methods  predominating. 

According  to  Fouqu€  and  Lfivy,*  J.  Durooher  obtained  cinnabar  by 
the  action  of  hydrogen  sulphide  upon  merourio  chloride  at  a  red  heat. 
They  also  state  that  Deville  find  Debray  prepared  the  ntineral  by 
heating  the  black  precipitated  sulphide  wi^  hydrochloric  acid  in  a 
sealed  tube  at  100". 

C.  Doelter's  experiments  *  were  also  conducted  in  sealed  tubes. 
Crystals  of  cinnabar  were  formed  when  metallic  mercury  was  heated 
with  hydrogen  sulphide  at  70"  to  00°  during  six  days.  By  heating 
mercury  with  a  solution  of  hydrogen  sulphide  on  a  water  bath  he 
also  produced  both  cinnabar  and  tlie  black  modification. 

Several  syntheses  of  cinnabar'are  based  upon  the  solubility  of  mer- 
curic sulphide  in  alkaline-sulphide  solutions.  M.  C.  Mebu  *  found 
that  the  mercuric  compound  was  insoluble  in  either  sodium  hydroxide 
or  sodium  sulphide,  but  soluble  in  a  mixture  of  the  two.  On  dilu- 
tion, the  mixture  deposited  the  black  sulphide;  but  upon  the  passage 
of  carbon  dioxide  through  the  s<dution  the  red  modification,  cinnabar, 

>  Sfle  A.  J.  Uoses,  Am.  Jour.  ScL,  4th  scr.,  voL  16, 1Q03,  p.  35S.  Elalnlta  wu  tngnmiul;  dascrfbwl  by 
A.  Bachs,  Sitzungab.  K.  Akod.  Win.  Bctliii,  1909,  p.  lOSI.  Ita  tnia  oompogltioD  waa  flrst  tadlcated  by 
HOlgbruid,  Am.  Jour.  Sd.,  4Ui  ur.,  vol.  31,  IMM,  p.  86,  Hid  tatar  txmSnatA  by  Sacbi,  CentralbL  UbL, 
OaoL  n.  PaL,  IMS,  p.  WO.  Fv  data  omcaruEng  the  Ts-Ungua  and  oCbar  daposlta  ot  Brawster  Comity, 
B«a  B.  F.  Bin,  Am.  loot.  BcL,  4th  Mr.,  voL  18,  IDOI,  p.  2G1;  E.  F.  Bpaldlng,  Eii|,  and  Uln.  Jour.,  tdL 
71, 19D1,  p.  Ttti  R.  T.  Hill,  Idem,  vol.  74, 19(B,  p.  SOS:  W.  B.  FhOUpa,  Idem,  vol.  77,  ISM,  p.  ISO;  voL  IS, 
ISM,  p.  ai;  U.  P.  Kirlc  and  /.  W.  Malcohniran,  Mam,  vol.  77,  IKM,  p.  «M:  and  W.  P.  Blite,  Trans.  Am. 
Imt.  Wo.  Ens-,  *<>1-  3S,  18>6,  p.  S8.  Fc  a  lull  dbcurakn,  irltb  analyaaa,  of  the  oompmitton  of  the  Tir- 
Unfoa  mbunli,  hi  W.  F.  HUlabrand  and  W.  T.  Behalkr,  Jour.  Am.  Cbem.  Soe,,  vol.  3S,  1907,  p.  llgD, 
■Dd  also.  Id  detail,  In  Bull.  TJ.  B.  OeoL  Surrey  No.  IDS,  ISIO.  Od  moMslte,  IM  BUlabnnd  and  SchaHar, 
Am.  ]our.  Scl.,  4th  ht.,  vol.  SO,  IMO,  p.  XB. 

■  Agoodiamiiuiy  ol  the  Indlvidaal  method*  lor  the  pnpmtkmalTcnalUon  If  given  h  Thorpe's  DId- 
tionary  of  applied  f^hemlstry,  vol.  3,  article  "Uercury." 

•  Synthtae  dea  mtn&ani  at  dea  rocbes,  p.  313.  These  data  nem  not  to  Iwve  b<«n  poUbbed  ^vvkxiily 
but  to  appear  lor  the  Ont  time  In  the  volaine  dted. 

•  Zeltschr.  Eryst.  Uln.,  voL  11, 1886,  p.  33. 

■  Jahneb.  ChemlB,  1S7B,  p.  2S.  ^~.  . 
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was  formed.  According  t*  S.  B.  Christy,*  amorphous  mercuric  aol- 
phide,  heated  in  a  seded  tube  vith  alkaline  solutions  into  which 
hydrogen  sulphide  had  been  passed,  is  converted,  at  temperatiu'es 
between  200°  and  250°,  into  cmtiabar.  This  reaction  is  retarded  by 
the  presence  of  carbon  dioxide.  The  black  sulphide,  by  five  hours  <rf 
healing  to  180°  with  a  solution  of  potassium  sulphydrate,  was  also 
transformed  into  cinnabar.  A  similar  transformation  of  vermilion 
into  cinnabar  is  also  reported  by  A.  Ditte.*  When  an  excess  of  ver- 
milion' is  slowly  acted  upon  by  a  solution  of  potassium  sulphide  it 
gradually  changes  into  the  crystallized  minoraL  The  reactions,  as 
intOTpreted  by  Ditte,  are  rather  complex,  and  involve  the  formatitm 
and  decomposition  of  two  double  sulphides,  K,HgS,  and  E,Hg(S,. 
The  results  are  also  modified  by  variations  in  temperature  and  in  ^ 
concentration  of  the  solutions  employed.  J.  A.  Ippen's*  observa- 
tions resemble  those  of  Christy.  The  black  precipitated  sulphide  of 
mercury,  heated  in  a  sealed  tube  with  a  solution  of  soditmi  sulphide 
for  two  months  below  46°,  became  crystallized  as  cinnabar.  Ihe 
same  black  sulphide,  sinulariy  treated  with  hydrochloric  acid,  failed 
to  yield  the  red  form. 

L.  L.  de  KoDinck  *  found  that  mercuric  sulphide  is  very  soluble  in 
concentrated  solutions  of  the  alkaline  sulphides,  and  also  in  the 
rolphidee  of  calcium,  strontium,  and  barium,  but  not  in  solutions  of 
sulphydrates.  Upon  alow  dilution  of  the  mercuric  solutions  thus 
obtained,  red  crystalline  cinnabar  was  precipitated.  Upon  rapid 
dilution,  the  black  amorphous  sulphide  was  thrown  down. 

C  Weinschenk  *  prepared  cinnabar  by  a  process  remotely  akin  to 
those  employed  by  Durocher  and  Doelter,  A  solution  of  mercuric 
chloride  and  anunoniimi  sulphocyanate  was  heated  in  a  sealed  tube 
from  four  to  six  days  at  a  temperature  between  230°  and  250°.  Both 
cinnabar  and  a  black  sulphide  were  obtained.  In  this  case  the 
ammonium  sulphocyanate  merely  served  as  a  generator  of  hydrogen 
Bulphide,  which  was  the  active  ref^ent. 

E.  T.  ASen  and  J.  L.  Oenshaw  *  in  a  thorou^  study  of  mercuric 
sulphide  determined  the  conditions  of  formation  of  the  two  natural 
forms,  and  also  discovered  a  third,  probably  hexagonal  modifica- 
tion, which  has  not  been  found  in  nature.  The  stable  form,  dnnabar, 
was  produced  in  the  usual  way,  by  the  action  of  an  alkaline  sulphide 
upon  the  amorphous,  precipitated  compound.  Metacinnabarite  was 
formed  by  the  action  of  an  excess  of  sodium  thiosulphate  upon  sodium 
mercuric  chloride  in  dilute  solution.  This  solution  was  rendered 
slightly  acid.  Under  alkaline  conditions  only  cinnabar  is  formed; 
acidity  is  essential  to  the  production  of  the  less  stable  meta-compound. 

>  Am  J«ir.  Sd.,  3d  ser.,  toL  IT,  ISn,  p.  US.  •  Anmlgi  Soa.  gM.  Belglqiw,  toL  18,  UBl,  p.  zzt. 
•  Compt.  R«id.,ToL98,  1884,  PP.  1271, 13S(L  >  Zdticlir.  Kr^at.  Kin.,  vol.  IT,  law,  p.  KM. 

>  HlD.  pet.  ItlO.,  vol.  14, 19H,  p.  U4.  •  Am.  Jour.  SoL,  401  m.,  ToL  34,  ma,  9.  MT 
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This  condition  also  holds  with  regard  to  pyrite  and  marcasite,  and  also 
with  the  two  modifications  of  zinc  Bulphide.  In  each  case  acidity 
controls  the  generation  of  the  lees  stable  mineral,  alkalinity  that  of 
the  more  stable.  These  facte  are  correlated  with  the  natnnil  occur- 
rences of  the  minerals.  Cinnabar,  the  primary  form,  is  probably 
deposited  by  ascending  solutions,  which  are  commonly  alkaline. 
Descending  eolations,  acid  from  the  oxidation  of  iron  sulphides,  con- 
trol the  formation  of  the  secondary  metacinnabarite. 

Finally,  a  crystalline  mass  resembling  hvingstonite  was  prepared 
by  A.  L.  Bidier,'  who  fused  the  sulphides  of  mercury  and  antimony 
together  in  an  atmosphere  of  carbon  dioxide. 

It  will  be  noticed  that  seTraal  of  the  syntheses  of  cinnabar  inTolve 
the  solubility  of  merouric  sulphide  in  solutions  of  alkaline  sulphides 
or  Bulphydratee.'  On  this  subject,  apart  from  synthetic  considwa- 
tions,  there  is  a  copious  hteraturo,  and  the  earlier  obBerrations  aro 
by  no  means  concordant.  'Even  the  recent  data  appear  to  be  often 
contradictory.  De  Koninck,  for  instance,  as  already  cited,  found 
that  the  sulphide  was  insoluble  in  alkaline  sulphydrates;  but  according 
to  G.  F.  Becker  *  this  statement  is  true  only  for  cold  solutions.  Mer- 
curic sulphide,  heated  with  a  solution  of  sodium  sulphydrate  on  the 
water  bath,  dissolves,  doubtless  forming  a  double  salt  of  the  formula 
HgS.nNaiS.  Salts  of  this  type  must  be  produced  whenever  taer- 
cuiic  sulphide  is  dissolved  in  an  alkaline  solution,  and  Ditto's  re- 
searches have  told  us  something  of  their  nature.*  The  solubihty  of 
the  mercuric  sulphide  manifestly  depends  upon  considerations  of 
temperature,  pressure,  concentration,  and  the  nature  of  the  solutions 
emjjoyed,  whether  neutral  salts,  sulphydrates,  or  polysulphides. 
That  mercuric  sulphide  is  precipitated  ^ain  by  dilution  has  been 
shown  by  various  observers,  and  Becker  *  reports  admixtures  of 
metalhc  mercury  in  the  sulphide  thus  thrown  down.  Here,  then, 
we  have  a  possible  explanation  of  the  frequent  association  of  free 
mercury  and  the  black  metacinnabarite,  although  rehef  of  pressure 
may  be  in  some  cases  the  equivalent  of  dilution  as  a  precipitant. 
Organic  matter,  also,  is  a  probable  agent  of  reduction,  by  which  the 
metal  is  hberated.  Bituminous  substances,  such  as  idriahte,  nap- 
ahte,  etc.,  are  commonly  associated  with  cinnabar;  and  at  the  Phcenix 
mine  in  California  au  inflammable  gas  issuing  from  cracks  in  the  rocks 
was  found  by  W.  H.  Melville  *  to  have  the  following  composition : 

1  choiL  Nam,  toL  13, 1880,  p.  !«& 

•  AoJcciiiiii  to  O.  A.  BbKUr  (Ifln.  pM.  Mitt.,  vdL  U,  IMH,  p.  an),  nto  dlatOled  nttr,  aotbic  (oobnubar 
ba  Ave  WMb  >t  SOMrlU  dbuhre  tnas  ol  tha  mfaxnL 

•Am.  Jour.  BoL,  MHr.,T<iL3I,  lS87,p.IM.   In  datafl, irtth foil nmiiiiria  of  (vlhr  vixk,  In  ICm. 

U.S.{}e(d.8nTTa7,ToLU,  ISSS.Cti^iUrig.    Also.pnUmfDary.lnEl^Ui  Auu.  Rept  U.S.  OfoL  Burre;, 

pt.  a,  ISM,  p.  aa. 
'  A  oampoond  an«,H  nn^fl  btt^  tiu  bMO  ImHUai  *bA  dwrfbtd  bj  J.  Kma,  nana.  FH*d*r 

t  Am.  Jour.  BoL,  Id  Mr.,  toL  SS,  U87,  p.  IW. 

•  ifon.  D.  H.  omL  atmj,  voL  u,  isu,  p.  tn.  /-•  i 
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Conporition  of  gat  at  Phomix  mine. 

00, a  74 

CH, «L4» 

Na 3L44 

O, 6.33 

100.00 
The  hydrocarbon  CH^,  it  must  be  observed,  is  the  firat  member  of 
the  paraffin  aeries,  to  which  some  bitimiens  belong.  Becker '  has 
shown  that  hydrocarbons  will  precipitate  mercuric  sulphide  from  its 
alkaline  solutions,  first,  probably,  as  metacinnabarite,  which  is  after^ 
wards  slowly  transformed  into  cinnabar.  Another  suggestion,  due  to 
A.  Schrauf ,'  who  has  studied  the  occurrence  of  mercury  ores  ia  Idiia, 
is  that  the  metal  may  be  liberated  by  the  direct  dissociation  of  <an- 
nabar  vapor.  He  also  ascribes  the  formation  of  some  metacinnaba- 
rite to  the  action  of  hydrogen  sulphide  upon  native  mercury.  Here 
again  we  are  reminded  that  the  same  point  may  be  reached  by  more 
than  one  road. 

According  to  Becker,*  the  chief  deposits  of  mercurial  ores  are  all 
in  the  neighborhood  of  igneous  rocks,  from  which  it  is  h%hly  prob- 
able they  were  originally  derived.  The  deep-seated  granites,  in 
his  opinion,  form  the  principal  source  of  the  mercury.  The  ore 
bodies  in  some  cases  M  fissures,  fractures,  or  cavities  in  rocks,  the 
latter  being  conunonly  of  sedimentary  character;  and  in  other  in- 
stances the  cinnabar  forms  impregnations  in  sandstone  or  limestone. 
The  ores  are  commonly  associated  with  pyrite  or  marcasite,  sidphur, 
calcite,  barite,  gypsum,  op&l,  quartz,  and  other  secondary  minerals, 
and  show  distinct  evidence  that  they  have  been  brought  up  from 
below  in  solution.*  In  many  cases,  if  not  in  all,  the  evidence  of 
hydrous  or  solfataric  origin  ia  very  clear.  A.  laversidge,*  for  ex- 
ample, reports  mercury  and  mercuric  sulphide  in  hotr«pring  deposita 
near  Ohaiawai,  Xew  Zealand;  and  in  3,403  grams  of  a  sinter  from 

>  Iflunl  Enoonia  V.  B.  for  18»3,  U.  3.  OeoL  Survey,  ISW,  p.  13B. 

>  jBbrb.  E.-b.  gwl.  Relchsanatalt,  vol  11,  ISSI,  pp.  3S3,  3SS,  Sclirsul  gives  many  cfwtlons  of  IKo*- 
tnnniatlveMiiKfoury.uid  espcdallr  totbemlna  olldrk. 

•  Mod.  V.  S.  Oeol.  Survey,  vol.  13, 1S88,  uid  steo,  brkd; ,  In  Klnenl  Reaouron  U.  S.  fn  isa,  p.  139. 
Is  the  mmuign^,  Becker  tut  aumtHd  up  the  conditloiu  at  all  Important  localltin  ts  known  In  18S7. 

•  In  tddlUfn  to  Backer's  monognph,  aea  I.  A,  PhDllpa,  Qnait.  lour.  Oeol.  Boc.,  vol.  B5,  W9,  p.  SSQ; 
and  J.  L«  Cmta  and  W.  B.  Rising,  Am.  Jour.  Bci.,  3d  ea.,  vol.  24,  ISS2,  p.  23,  on  Sulidiur  Bank,  n.in».ii. 
LeCoitaOdem,  vol.  2S,1S83,  p.  U4)  baa  discussed  the  deposits  at  Steamboat  Bprinffi,  Nevada.  BeeaJao, 
on  CaUforolan  quickaUvo'  ores,  W.  Fontner,  Eng.  and  Uln.  Jour.,  vc4. 78,  ISM,  pp.  38S,  136;  and  In  BoU. 
No.  27,  CallfoRila  State  Uiaiag  Bureau.  Wendebom  (B«g-  u.  hOttaun.  Zeltung,  vo).  K,  IMM,  p.  S74}  baa 
described  mercury  deposits  In  Oregoo;  and  O.  7.  Uonckton  (Trans.  Inst.  llbi.  En|.  (BtHJAJ,  foL  II, 
loot,  p.  M3}  those  of  British  Cdumbia.  Foe  a  study  of  the  mncury  mine*  at  Ifoont  Avate,  Sarilia, 
see  B.  Tlschw,  Zdlsclu.  prakt.  Geologle,  vol.  14, 1006,  p.  2U.  For  an  aocountof  tiiamlneaat  Atmadm, 
Spatti,  seeH,  Eiua,  Amiales  dee  mha,  7th  es-.,  voL  U,  1S78,  p.  ID.  On  HuaniBvslkia,  Fern,  tea  A.  F. 
ttmlauff,  Bd,  Cuerpo  taigen.  mlnas  Peru,  No.  7,  ISOi.  F.  Katitt  iBvs-  <>-  hQttnm.  lebrtnidi,  vd  U, 
IBCTT,  p.  143)  has  dcacrlbed  the  mercury  deposits  of  Bosnia.  A  list  of  the  principal  menmry  dqmdts  ol 
the  irorld,  by  L.  Demaret,  la  givai  fa  Amiales  des  mines  de  Belglqua,  vol.  B,  1H>4,  p.  33. 

'Jour.  Roy.  SocIfewBouth  Wales,  vol.  Il,p.2e2.  See  also  J.  Park,  Trans.,  New  Zealand  buL.voLM, 
IWt,  p.  27.  Park  cites  auoths  memota'  by  A.  P.  Orilliths,  In  Trans.  New  Zealand  Inst.  Ifb.  Snf[.,TaL  2, 
p.  48.  A  Mk  rtvort  by  J.  H.  Bel)  and  E.  de  C.  Clarke  Is  In  BulL  New  Zealand  QaoL  Sumy  No.  8,  UN, 
p,m. 
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Steamboat  Springs,  Xevada,  Becker  and  MehrOle '  found  0.0070 
gram  of  HgR.  In  Becker'B  opinion  alkaline  solutions  containing 
sulphides  are  the  natural  Bolrents  of  the  mercurial  compounds; 
although  V.  Spirek '  describing  the  deposits  at  Monte  Amiata,  Tus- 
cany, suggests  that  the  mercury  was  first  dissolved  as  siUphate  and 
precipitated  later  by  alkaline  polysulphides.  For  this  supposition 
there  seems  to  be  litUe  or  no  positive  evidence.  At  Idria  A.  Schrauf  * 
found  no  indications  of  the  existence  of  alkaline  thermal  springs — 
a  bit  of  negative  testimony  which  may  or  may  not  be  important.  It 
ia  not  ueceesary,  however,  to  assume  that  the  mercurial  solutions  have 
been  the  same  at  all  localities.  In  fact,  they  must  have  varied  both 
in  their  chemical  composition  and  in  the  physical  conditions  under 
which  they  came  to  the  surface.  Even  the  differences  in  the  rocks 
through  which  the  solutions  travel  would  modify  their  properties. 

ZINC  AND  CADMITTM. 

Zinc,  as  has  been  shown  in  the  earlier  portions  of  this  chapter, 
is  widely  diffused  in  the  rocks,  and  it  also  occurs  in  minute  propor- 
tions in  sea  water.  Cadmium  is  found  associated  wit^  zinc,  and 
the  very  rare  metals  gallium  and  indium  are  also  obtained  from  zinc 
ores.*    Zinc  is  about  200  times  as  abundant  as  cadmium.* 

Although  native  zinc  has  been  several  tjmee  reported,  ite  existence 
is  doubtful.  None  of  the  occurrences  is  completely  authenticated. 
The  fundamental  ore  of  zinc  is  the  sulphide,  ZnS,  known  as  sphal- 
erite^  blende,  or  blackjack  when  crystallized  in  the  isometric  system, 
or  as  wurtzite  when  it  is  hexagonal.  Cadmium  is  found  almost 
exclusively  as  the  sulphide,  CdS,  or  greenockite,  which  is  also  hex- 
agonal.* Many  massive  blendes  are  really  mixtures  of  sphalerite 
and  wurtzite.'  The  rare  mineral  voltzite  is  an  oxysulphide  of  zinc, 
4ZnS.ZnO. 

Sphalerite,  wurtzite,  and  greenockite  have  all  been  prepared  syn- 
thetically, and  wurtzite  has  been  repeatedly  observed  as  a  furnace 
product.*    According  to  H.  de  Senarmont,*  sphalerite  is  formed  when 

1  jsai.  U.  8.  0«al.  Baivtj,  vol.  U,  U8S,  p.  341. 

•  ZsIUclir.  pnkt.  analaglg,  IBK,  p.  MB;  l(l«m,  ItOZ,  p.  3«7.  SprA  glv«  Telttoma  to  oditr  Utai&m 
omiMniiDg  Hcnta  AmMa.  B«e  ibD  R.  Rtwailtchw,  ZaItKfir.  pnkt  QtUagla,  I8H,  l>.  SI7,  CD  tbta  nd 
Otba-  Ttucan  daposlta.    On  tbi  mtnes  of  VallBjU-B>|^,  ■»  A.  Riduk,  Idon,  IMG,  p.  315, 

•  J*htb.  K.-i.  geoL  Ktlchmutali,  vol.  41, 1882,  p.  379. 

I  On  tha  ocoumnM  of  gallium.  Indium,  cvmanfum,  tod  oOMr  ran  matalt  tn  ilno  blmda,  sm  Q.Urbaln, 
Compt.  Rnd.,  ToL  MB,  IMS,  p.  SQ2.  AlwA.delCuipoyCirdio,  Jaiii.Cbam.Sor.,TaL  llM,pt2,p.Z70, 
■bMnct. 

>  8m  7.  W.  Clarkamd  O.  Btdgcr,  Jour.  Wadifiigbia  And.  8oL,  roL  4,  UI4,  p.  37. 

•  A  baaio  oarbcnUs  at  cadmlom  and  tha  OTatalllied  ozld*,  CdO,  an  nomOy  Slmmni  mlnenla.  A 
uMhil  Bummary  va  ndmluin  and  Its  oocuiroica,  by  E.  Jcdm^  b  In  Ahnti'i  "— ■'"■'i'"^  chamlsche 
UdmidoftaclW  Vorli4«s,  vA,  3,  IsaB,  p.  301. 

iSeel.  Maaltmg,  ZaltMtir.  Krjirt.  ICfn.,  voL  17,  mO,p.XO. 

■  Baa  W.  Qtahl,  Bag-n.  MRMimi  ZaHanf,  1888,  p.  307;  H.  FOntnar,  ZaIMdtr.  Kryst.  Kin.,  vol.  3, 1381, 
p.  331;  and  B.  TiMibe,  Neuga  Jtauh.,  BaO.  Band  «,  18H,  p.  131. 

•  Ci>npt.lt«>d.,ToLS3,  U31,p.«N.   Tba  dMOrlptko  ol  Om  prac^  k  wy  v^i& 
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zinc  solutions  are  heated  in  sealed  tubee  in  an  atmosphere  of  hydio- 
gen  sulphide — a  method  which  was  also  employed  hj  H.  Baub%ny.' 
J.  Durocher*  prepared  sphalerite  by  heating  zinc  chloride  ia  a 
stream  of  hydrogen  sulphide.  Cadmioiu  chloride  treated  in  tlie 
same  way  gave  groenockite. 

By  fusing  precipitated  csdnuum  sulphide  with  potassiimi  carbon- 
ate and  sulphur  E.  SchQler  *  obtained  ^yatals  of  greenockite.  This 
observation  has  since  been  verified  by  R.  Schneider.*  H.  Ssinte- 
d&ire  DerUle  and  H.  Troost  *  fused  zinc  sulphate,  calcium  fluoride, 
and  barium  sulphide  together,  and  produced  crystals  of  wurtsite. 
With  cadmium  sulphate  greenockite  was  formed.  They  also  obttuned 
wurtzite  by  passing  hydrogen  over  red-hot  zinc  sulphide.  The  latter 
was  decomposed,  fonning  zinc  vapor  and  hydrogen  sulphide,  which 
reacted  in  the  cooler  parte  of  Uie  apparatus  to  produce  the  crystal- 
line mineral.  Wurtzite  and  greeoioclate  were  prepared  by  T.  Sidot  * 
when  zinc  or  cadmium  oxide  was  heated  in  Hie  vapor  of  sulphur.  In 
another  paper  ^  he  states  that  amorphous  zinc  sulphide,  heated  in 
an  at^nosphere  of  nitrogen  or  of  sulphur  dioxide,  crystallizee  into 
wiirtzite.  F.  Hautefeuille  *  heated  zinc  and  cadmium  sulphide 
under  a  layer  of  powdery  alumina;  the  two  compounds  volatitized 
and  were  redeposited  on  the  surface  of  the  ahmuna  as  wurtzite  or 
greenockite.  He  also  found  that  blende,  heated  to  redness,  was 
transformed  into  wurtzite.  R.  Lorenz  *  obtained  wiirtsite  and 
greenockite  by  acting  on  the  vapor  of  zinc  or  cadmium  with  hydro- 
gen sulphide.    This  process  recalls  that  of  Deville  and  Troost.  . 

Two  hydrochemical  processes  have  also  yielded  greenockite.  C. 
Geitner  '*  heated  metalhc  cadmium  with  sulphurous  acid  to  200**  in 
a  sealed  tube.  A  mixture  of  amorphous  and  crystalline  sulphide  was 
deposited.  A.  Ditte  "  found  that  amorphous  cadmium  sulphide  could 
be  dissolved  in  ammonium  sulphydrate,  especially  at  a  temperature 
of  60°.  On  cooling,  crystals  of  greenockite  and  free  sulphur  were 
formed. 

E.  T.  Allen  and  J.  L.  Crenshaw"  prepared  greeno<^t6  in  la^e 
crystals  by  the  method  of  Lorenz.  Only  one  modification  of  the 
sulphide  was  obtained.  Wurtzite  was  formed  by  sublimation  of 
zinc  sulphide  at  about  1,300°-1,300°,  and  also  by  the  action  <^  hydro- 


■  UeUri  Annaloi,  vol.  87,  US3,  p.  H. 

<  Taggtadatn  Anniloi,  vol.  14S,  ISO,  p.  ML 

•  Compt.  Raiil.,  vol.  12, 1£S1,  p.  W. 

•  Idem,  vol.  K,  ISM,  p.  9». 
'  Idam,  vol.  03,  ISSe,  p.  US. 

■  Idmi,  voL  S3,  tSSl,  p.  S24. 

•  Bv.  DsDtKh.  Cham.  GnalL,  vcd.  14,  UM,  p.  ISM. 
»  LMdg's  Anmklco,  vol.  12S,  IBM,  p.  310. 

u  Compt.  R(Dd.,  Tol.  St,  p.  «3, 1877. 

>>  Am.  Jour.  Bd.,  uh  m.,  *«).  M,  uu,  p.  HI)  vol.  u,  isu,  p.  m. 
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gen  aulphide,  deriTed  from  sodium  thiosulphate,  on  add  solutions  of 
zinc  sulphatd  at  250°.  By  heating  amOTphous  zinc  solphide  in  a 
solution  of  Bodium  sulphide  at  350°  in  a  steel  bomb  they  obtained  good 
crystals  of  sphalerite.  Sphalerite  was  also  produced,  like  wurtzite, 
in  acid  solutions,  but  with  weaker  acid  and  at  higher  temperaturee. 
In  alkaline  solutions  only  sphalerite  was  formed.  This  distinction 
between  the  two  minerals  is  like  that  already  mentioned  with  regard 
to  the  sulphides  of  mercury  and  of  iron.  Sphalerite  was  also  crys- 
tallized from  solution  in  molten  sodium  chloride  and  potas^um 
poljsulphide.    At  1,020°  sphalerite  is  transformed  into  wurtzite. 

For  geological  purposes  the  hydrochemical  syntheses  of  blende 
are  the  only  ones  of  much  importance;  and  they  are  paralleled  by 
certain  natural  and  recent  occurrences  of  the  nuneral.  G.  Bischof/ 
for  example,  mentions  a  sinter,  foimed  within  historical  times  in  an 
old  lead  mine,  which  contained  37.57  per  cent  of  ZnS.  It  was  prob- 
ably produced  by  the  action  of  decaying  wood  upon  the  zinc-bearing 
mine  waters.  In  North  St.  Louis,  Missouri,  H.  A.  Wheeler  '  found 
massive  .blende  embedded  in  lignite,  where  it  had  evidently  been 
formed  by  the  reducing  action  of  organic  matter  upon  other  zinc 
compounds.  C.  S.  Keyes '  speaks  of  blende  crystals,  one-fourth 
inch  a(at)ss,  which  had  grown  on  iron  nails  immersed  in  a  mine  water 
during  fifteen  years.  W.  P.  Jemiey  *  also  refers  to  the  deposition  of 
crystallized  blende  on  the  walls  of  a  tmmel  which  had  been  closed 
and  flooded  for  ten  or  twelve  years.  Some  crystals  were  deposited 
on  the  pick  marks  left  by  the  miners. 

Zinc  sulphide  is  also  known  in  nature  as  a  chemical  precipitate. 
In  workings  at  Galena,  Eansaa,  large  cavities  have  been  found,  filled 
with  a  white  mud  which  conasted  of  nearly  pure  zinc  sulphide 
mingled  with  acid  water.*  Evidently  the  zinc  had  been  dissolved, 
probably  by  the  oxidation  of  blende,  and  then  thrown  down  again, 
either  by  sulphureted  waters  or  by  organic  matter.  Natural  solu- 
tions of  zinc  sulphate  exist  in  the  region  around  Joplin,  and  have 
already  been  described  in  previous  portions  of  this  volume.*  An 
occmrence  of  sphalerite  as  a  primary  mineral  in  granite  has  been 
reported  by  E.  Rimann.'  Snch  sphalerite,  if  really  of  magmatic 
origin,  must  have  formed  below  the  tiansitioa  temperature  to  wurt- 
zite, namely,  1,020°. 

1  LchrbuehderehaalacbKimMlpliTiftelbchaiOealoeto,  2ded.,  vol.l.p.  Wt. 

>  Tnix.  Acad.  SoL  St.  Linla,  Toi.  T,  18U,  p.  123.  OIlur  aaKodttlota  of  iphahrlte  wlUi  coal,  alw  in 
KtaBoorl,  an  mmtloned  bj  W.  P.  Itomj,  Id  Tiana.  Ant.  luM.  Hln.  Sag.,  vol.  33, 1003,  p.  400. 

•  Tnuv.  Am.  lagt.  Un.  Bug.,  voL  St,  1901,  p.  OIL 

•  Idem,  vol.  33, 1903,  p.  470. 

•  I>««ritwd  bT  X.  n.  Robslaaa,  Am.  lam.  ScL.  Sd  gar.,  vcd.  40,  U«0,  p.  160;  ud  b7  U.  W.  Hn  uid  J.  D. 
HairUns,  Enf.  and  Iftai.  Joaz.,  vol.  «,  18S0,  p.  ttO. 

•B«eante,p.  188. 

•  ZaUsdir.  pmH.  OMloeia.  »10,  p.  133. 
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The  oxidized  compounds  of  zinc,  aa  natural  mineraJb,  &re  fairly 
numerous.    The  following  species  are  especially  noteworthy: 

Zindte ..ZnO. 

GJinite> '..ZnAl,0*. 

FVanklinite' ZnFfl^c  ' 

Ch&lcoph&nito ' Zn0.2MiiO,.2H^. 

Bmithsonite ZnCO,. 

Hydrozincite ZnCO,.2ZiiOjH» 

Willemlto' ZiiiSiO^. 

OBlamiae Zn^,SiO,. 

Clinohedrite ZnCaH^iO.. 

Hardyatonite ZnCajSi,0,. 

Hod^iKBonite ZniMnCSiO,)(OH),. 

To  this  list  may  be  added  the  phosphates,  hopeite  *  and  kehoeite; 
the  arsenates,  adamite,  kottigite,  and  veszelyite;  descloizite,  a  vana- 
date of  lead  and  zincj  and  the  sulphates,  goslarite  and  zincaluminite. 
Jeffersonite  ia  a  zinc-bearing  pyroxene,  and  danalite  is  a  silicate  plus 
sulphide,  of  zinc,  manganese,  iron,  and  gludnum.  None  of  these 
species  needs  further  mention  except  goslarite,  ZnS0«.7H,0,  which  ia 
tiie  compound  of  zinc  existing  in  mine  waters  and  in  zinciferous 
springs.  When  zinc  is  removed  from  an  ore  body  by  solution,  it  is 
carried  in  this  form. 

Zincite,  the  natural  oxide  of  zinc,  is  well  known  as  a  furnace  prod- 
uct, and  it  has  also  been  repeatedly  synthetized.'  According  to  A. 
Daubr^e,'  when  zinc  chloride  and  water  vapor  act  upon  lime  at  a  red 
heat,  zincite  is  formed.  Ferridres  and  Dupont  *  obtained  it,  at  a 
similar  temperature,  by  the  action  of  steam  upon  zinc  chloride  alone. 
By  heating  the  amorphous  oxide  in  an  atmosphere  of  oxygen,  T. 
Sidot '  war,  able  to  effect  its  crystaUizataon.  A.  Goi^eu '  prepared 
the  mineral  by  several  processes,  one  of  which  consisted  in  the  gradual 
calcination  of  zinc  sulphate  or  nitrate.  In  this  case  better  results 
were  obtained  when  an  alkaline  sulphate  was  mingled  with  the  zinc 
salt.  Zincite  was  also  formed  when  a  mixture  of  zinc  fluoride  and 
potassium  fluoride  was  stron^y  heated  in  a  current  of  steam. 

The  zinc  spinels,  gahnite  and  franklinite,  have  also  been  arti- 
ficially prepared.  J.  J.  Ebelmen '  obtained  gahnite  by  fudng  a 
mixture  of  alumina,  zinc  oxide,  and  boron  trioxide.    When  ferric  oxide 

>  The  (Ormuln  hen  given  are  Idnl.    Put  of  tha  tina  li  DommraJy  nplaecd  b;  uunguuse  or  Iron. 

•  Troosllte  la  a,  numgaalf eroua  wUlmotte. 

•  For  B  synthesis  of  hopeltc.ugC.  Frledel aod  E.  Sanuta,  Bull.  Soc,  nda.,  vol.3, 1S79, p.  IGl. 
•B«H.  Traube,Neue3Jalub.,BBlI.Buid9,  tSM.p.lM:andH.ItlM,Am.Ioiir.  Sef.,3dHT.,Tal.4g,18M, 

p.  2X,  ondnclMisa  fumaoi  product.  Sea  also  J.  T.  Cundell  and  A.  EutcUnacm,  UiDvaloi.  !!■(.,  tdI.II; 
1882,  p.  G.  L.  Bourgeois  (Heproducllon  artlllcletle  dee  inbiftaiii]  dMs  otber  aumpln,  aDd  so,  too.  doa 
Rica.  Bourgeoto  also  mcotloDi  synUiaaB  by  BaoquAal  and  EcgDanlt,  but  bii  letKsuxt  i»  snmeoiu 
and  I CBQ  not  TerUy,iham. 

•  Compt.  Read.,  vol.  89,  UU,  p.  US. 

•  See  Bouigeob,  op.  clt.,  p.  S6. 

'  Compl.  Rand,,  vol.  M,  ISW,  p.  3)1. 
« Idpm.  vol.  104, 188T,  p.  120. 
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was  used  in  place  of  almnina,  franklinite  was  formed.  By  vapor^ 
izing  nliiminiim  chloride  and  zinc  cUoride  over  lime  at  a  red  heat,  A. 
DaubrSe  '  prepared  gabnite;  and  franklinite  was  similarly  produced 
by  using  ^e  chlorides  of  iron  and  zinc.  H.  Saiute^aire  Deville 
and  H.  Caron'  obtained  gahnite  by  vaporizing  a  mixture  of  zinc 
and  aluminum  fluorides  in  presence  of  boric  oxide.  A.  Stelzner* 
found  gahnite,  with  fayalite,  in  the  walls  of  a  muffle  of  a  zinc  furnace 
at  Freiberg,  where  it  had  been  formed  by  the  action  of  zinc  vapors 
upon  the  day  silicates.  In  another  similar  case,  H.  Schulze  and 
Stelzner*  report  the  formation  of  willemite  and  tridymite.  The 
occurrence  of  crystallized  willemit«  in  a  furnace  slag  has  also  been 
recorded  by  W.  M.  Hutchings.' 

According  to  A.  Daubr6e,'  willemite  can  he  prepared  by  the  action 
of  sihcoD  tetrachloride  upon  zinc  oxide  at  a  red  heat.  This,  how- 
ever, was  denied  by  H.  Sainte-Claire  Deville,*  who  found  that  willem- 
ite was  decomposed  by  sihcon  chloride.  It  is  formed  when  silicon 
fluoride  acts  upon  zinc  oxide,  and  also  by  the  action  of  zinc  fluoride 
upon  heated  silica.  A.  Oorgeu'  produced  willemite  by  two  proc- 
esses. First,  zinc  sulphate,  calcined  with  an  alkaline  sulphate  and 
silica,  yields  willemite  and  tridymite.  Secondly,  the  mineral  is  formed 
when  zinc  chloride  is  fused  with  silica  in  presence  of  steam. 

By  heating  metallic  zine  with  seltzer  water  in  a  sealed  tube  at 
100°,  L.  Bourgeois  *  obtained  crystals  of  smtthsonite.  G.  Bischof  * 
cites  a  number  of  instances  in  which  zinc  carbonate  has  formed  as  a 
deposit  from  natural  waters. 

In  nature,  zinc  ores  occur  under  a  variety  of  conditions — ^in  true 
metalliferous  veins,  in  metamorphic  rocks,  and  under  circumstances 
which  indicate  a  sedimentary  origin.  In  some  cases  they  form  met^ 
somatic  replacements  of  limestone.  Percolating  solutions  of  zinc, 
permeating  limestones,  would  necessarily  react  upon  the  latter,  the 
zinc  being  deposited  as  carbonate  in  place  of  the  removed  lime  com- 
pounds. Fseudomorphs  of  smithsonite  after  calcite  are  well  known. 
In  an  experiment  reported  by  G.  Piolti,"  a  fragment  of  calcite, 
immersed  during  17^  years  in  a  solution  of  zinc  sulphate,  became 
coated  with  smithsonite  and  gypsum. 

In  the  introduction  to  this  chapter  evidence  was  adduced  showing 
that  zinc  was  present,  albeit  in  small  amounts,  in  Archean  rocks, 
from  which  it  may  be  concentrated.    It  is  also  found  in  diffused 


Compt.  Bead.,  vol.  S9,  ISU,  p.  130. 
Idem,  Tol.  W,  1S5S,  p.  788. 
NtOMlalub.,  Bsud  1,1883, p.  im 
Idem,  Band  1,  IStl,  p.  IID. 
OmI.  Ua(t.,Sd  so-.,  vol.  T,  1890,  p.  31. 
Compt.  R«id.,vol.  52,  IWI.p.  1304. 
Id«n,  Tol.  104j  1SS7,  p.  lao. 
Rgproductlon  artlflcSaUii  dta  mtaAam,  p.  144. 

LahrbDch  dv  chsmbctam  und  [liyalkallscben  Geologle,  3d  ed.,  voL  1,  p.  Ml. 
Toot.  Chan.  Boc.,  vol.  lOO,  p.  902, 1«11.   Abstract. 
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traces  in  many  sedimeotaiy  rocks.  L.  Dieulafait '  detected  zinc  in 
hundreds  of  samples  of  Jurassic  limestone  from  central  France.  J.  D. 
Bobertson'  found  it,  witli  lead  and  copper,  in  the  limestones  of  Mis- 
souri, and  J.  B.  Weems  *  determined  lead  and  zinc  in  the  limestones 
and  dolomites  of  the  Dubuque  r^ion,  Iowa.  The  average  of  nine 
samples  analyzed  by  Weans  gave  0.00326  per  cent  Pb  and  0.00O29 
per  cent  Zn.  Robertson's  figures  are  as  follows  for  six  Siliuian  mag- 
nesian  limestones  and  seven  limestones  from  the  "Lower"  Carbon^ 
iferous;  they  are  stated  in  percentages. 


Lead,^ 

SIhirlui. 

LowirCarbMiiliBraiB. 

Trace  to  0.00166 
0,00016  to  0.01536 
0.00040  to  0.00256 

Small  as  these  proportions  are,  they  are  sufficient  to  account  for 
the  formation  of  the  ore  bodies  in  the  regions  studied.  In  each  region 
a  comparatively  moderate  amount  of  decomposition  of  the  ootmtzy 
rocks  would  supply  the  ores  contained  in  the  known  deposita.* 

Similar  results  to  those  of  Weems  and  Roberteon  were  obtained 
by  A.  M.  Finlayson  *  in  his  study  of  the  British  lead  and  zinc  deposits, 
liiese  metals  were  found  in  the  country  rocks  in  quantities  of  the 
same  order  of  magnitude,  and  were  more  abundant  in  the  granites 
tiian  in  the  limestones.  Finlayson  r^ards  the  metals  as  having  been 
brought  up  LD  solution  from  below,  in  waters  which  contained  alka- 
line sulphides  and  also  fluorine.  The  order  of  deposition  of  the  vein 
minerals  was  chalcopyrite,  first,  then  fluorite,  blende,  galena,  and 
finally  pyrite. 

This  association  of  sphalerite  with  other  sulphides  is  very  general, 
so  much  so  that  economic  geologists  usually  consider  lead  and  zinc 
together.  In  the  famous  ore  bodies  of  the  Mississippi  Valley  the  two 
ores  are  rarely  found  quite  apart,  although  in  one  locality  zinc  may 
predominate,  while  lead  is  the  chief  thing  of  value  in  another.  Cal- 
cite,  dolomite,  and  sometimes  fluorite  or  bante  are  frequent  com- 
panions of  the  ores,  and  bituminous  matter  is  often  present  also.  By 
alteration  of  sphalerite,  surface  deposits  of  calamine  and  smithsonite 
are  formed,  just  as  oxidized  ores  are  developed  above  bodies  of  copper 
sulphide.  Secondary  cryBtallizations  of  sphalerite  are  also  common 
where  solutions  of  zinc  sulphate,  formed  near  the  top  of  an  ore  body, 

>  OotOfit.  tUBfi.,  voL  to,  1880,  p.  1ST3,  and  vol.  M,  1BS3,  p.  TO. 
•Ubaaarl  Oed.  8iimr,ToL  7, 18H,  pp.  4T»-t81. 

•  Cttadby  B.  CabrlnuidH.  P.  B&ln,  Iowa  Oeol.  Survey,  vol.  10,  IWD,  p.  566. 

•  8«e  T.  C.  ChambcrllD,  Oaology  otWboanslD,  vol.  1, 16S2,  pp.  3a7-&.U,aiid  A.  Wluslow,  MbMorlOaol 
Sorvay,  vob.  6  and  T,  cspKblly  vol.  T,  18H,p.  4flT,  ak. 

•Quart.  Jour.  Otol.  Soc.,  vol.  U,1B10,  p.  289, 
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have  percolated  downward,  and  been  reduced  to  sulphide  again.  It 
is  highly  prohable  tiiat  pyrite  or  marcasite  may  react  upon  the  zinc- 
bearing  solutions  and  aid  in  the  regeneration  of  the  sphalerite.  Some 
experiments  by  H.  N.  Stokes,'  earned  ont  in  the  laboratory  of  the 
United  States  Geol(^cal  Survey,  have  shown  the  possibility  of  such 
reactions.  Fyrite  and  marca^te  heated  to  180°  with  solutions  of  zinc 
salts  and  alkaline  carbonates  actually  yield  zinc  sulphide.  Sphalerite 
sometimee  occurs  in  stalactitic  forms,  which  could  be  deposited  only 
from  solutions.  The  calamine  and  smithsonite  are  sometimes  pure 
and  crystalline,  sometimes  quite  impure  and  earthy.  The  so-called 
"tallow  days"  of  Missouri  and  Arkansas  are  ^c-bearing  clays,  prob- 
ably mixtures  of  aluminous  silicates  with  calamine,  and  they  contain 
from  4  or  5  per  cent  up  to  66  per  cent  of  zinc  oxide.'  SimUar  clays, 
from  an  ore  body  at  Leadville,  Colorado,  were  analyzed  by  W.  P. 
Hillebrand.* 

On  the  sedimentary  lead  and  zinc  ores  of  the  Mississippi  VaQey 
there  is  a  copious  literature,  with  much  discussion  about  genetic  prob- 
lems. Some  authorities  derive  the  ores  from  ascending,  heated 
waters;  some  find  their  proximate  somrcee  in  the  adjacent  limeetonee, 
and  others  brace  thraa  still  further  back  to  Archean  rocks,  or  argue 
that  the  zinc  and  lead  were  deposited  with  the  sediments  from  solu- 
tion in  the  Silurian  ocean.  AH  agree,  however,  that  the  ores  w«Hre 
deposited  from  solution,  which  is  the  essential  fact  for  the  geochemiat 
to  consider.' 

1  Ecm.  Oaology,  vol.  2, 19DT,  p.  IT.  Bo  ilaa  tba  wirk  of  Antbou,  BchOnnum,  and  otbai,  alividr  dted 
OD  p.  S3>,  anta. 

>3««W.  H.  BwinoD,  Am.  Jour.  S<:L,  3d  Mr.,  toI.  JS,  isao,  p.  X;  and  I.  C.  Bnimcr,  Am.  R«pt  ArkU- 
ns  Ocol.  Surra;,  vol.  6,  isn,  pp,  e-34.  Botb  autbora  glv«  analfMa,  and  otliar  taaijtu  hj  T.  11.  Cbatud 
and  E.  N.  BtokiB  ran  b«  (ouDd  fai  Boll.  U.  S.  OeDl.  Survs;No.  228,  lW4,pp.3ai,3ai.  A  almllsr  cIs;  from 
Bsrtha,  Vlitbila,  with  13.1  per  cmt  ZnO,  was  dtanltMd  by  B.  H.  Htinrard,  Cbaa.  News,  vol.  M,  Usl,  p. 

■  Hcai.  n.  8.  Oeol.  Bamr,  vol.  IS,  IBSS,  p.  SOS. 

<  For  data  ooooostnc  these  dipialtB,  see  J.  D.  Whltnar,  R^t  Oeol.  Snrrar  Wtaoonibi,  Tal.l,ohq)terS> 
1303;  T.  C.  Chambvlln,  Oeology  of  WfMmsIa,  vol.  4,  18S2,  pp.  3aT-5Ui  W.  P.  Blake,  Bull.  Oeol.  Soc 
Amerka,  vol.  G,  1803,  p.  ZS;  U.  8.  Grant,  BulL  Wbconsln  Oeol.  Nat.  Hist.  Survey  No.  9, 1003,  and  BuU. 
V.  8.  Oeol.  Snrray  No.  260, 1905,  p.  lOS;  £.  E.  EUk,  Idem,  p.  310;  A.  0.  LeoDard,  Iowa  Oeol.  Surrey,  ml. 
e,  Uft7,  pp.  13-e£:  and  Am.  0«alagl5t,'vol.  IB,  ig06,  p.  288;  H.  P.  Balo,  Bull.  V.  B.  Oeol.  Survey  No.  SO, 
ISM.  p.  XS;  A.  Wbolow,  lUnourl  Oeol.  Survey,  vels.  A  and  7, 1894.  aod  Jnir.  Geology,  vol.  t,  Uas,  p.  BIS; 
}.  D.  Robectaoa,  Am.  Oeologlat,  vol,  U,  18B6,  p.  335;  Bala,  Van  Waa,  and  Adsma,  Twcnty-senond  Aim. 
Rqit  n.  S.  Qeot.  Survey,  pt.  3, 1902.  p.  33;  W.  P.  Jeocay,  Trans.  Am.  Inst.  Ula.  Eng.,  vol.  22, 1894,  pp. 
171,  «2;  B.  EedbuiK,  Idem,  vol.  31, 1901,  p.  379;  J.  C.  Bisodk,  Ann.  Rapt.  Arkansas  Oeol.  Siuray,  vol.  5, 
1892,  and  Tnns.  Am.  Inst.  MIo.  En£,.vid.  31, 1901,  p.  572;  G.  L  Adsms,  Idem,  vol.34,  lew, p.  163;  Bufl. 
U.  8.  Oeol.  Surw  No.  213,  laB,  p.  187,  and  Prof.  Pap»  U.  S.  Oeol.  Survsy  No.  34, 1904;  W.  8.  T.  Smllb, 
Bull.  U.  S.  Geo],  Survey  No.  213. 1903.  p.  196,  and  A.  Keith,  Bull.  O.  S.  Oeol.  Survey  No.  225, 1904,  p.  208. 
BeaalaoW.H.  Case,  Tians,  Am.  Inst.  Hln-Eng.,  vol.22, 1894,  p.  511.  oa  the  line  ores  of  BerOka,  Virginia, 
8.  F.  Emmons  (Trana.  Am.  Inst.  Uln.  Eng.,  vol.  22. 1894,  p.  83)  briefly  dboinn  tha  origin  at  line  ores, 
■Dd  ao  too  does  C.  R.  Vui  HIsa  In  hb  TrWtlM  OD  mrtamophEsn,  Uon.  U.  8.  Oeol.  Survsy,  vol.  47, 1901, 
pp.  I13S-115S.  AiIticdepcaltbiNevadBfadncrlbedbyBaln,  Bull.U.S.  Oeol.  8urv^Na.2g5,190e,p.iee. 
OthK  publkaUms  are  l^  G.  Bawcrth  and  others.  Kansas  Uolv.  Geol,  Survey,  vol.  s,  1904;  E.  R.  Bnck- 
tor  and  E.  A.  BuAln,  Ufasnurl  Bur.  Owlogy  and  Mlaw,  2d  scr.,  yoL  4,  1906;  H.  T.  Bahi,  Bull.  U.  S. 
0«ld.  Survey  No.  294, 1907;  T.  L.  Watson,  Bull.  Am.  UuL  Uln.  Eng.,  Uarch,  1906.  See  al»  Bain,  BuIL 
Wtacoosfn  Gaol.  Nat.  Hist.  Burray  No.  19, 1907;  L.  C.  Snldar,  Oklahoma  Geol.  Survey,  Bull.  No.  9, 1912; 
G.  H.  Coi,  Econ.  Oaology,  vol.  6, 1911,  p.  427.  On  thegCDCBlaoftheOiarkdeposIU.BeeC.R.  Key«,BalL 
Am.  Inst.  Mia.  Eng.,  1900,  p.  119. 
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The  rino  mines  at  E^anklin  and  Sterling  Hill,  New  Jersey,  are  of 
a  differeat  ^pe  from  those  of  the  Mississippi  Vall^,  being  indeed 
unique.  Here  ziucite,  frankliuite,  and  willemite,  ores  which  are  rare 
minerals  elsewhere,  ore  most  abundant,  while  blende  is  preaoit  only 
in  insignificant  quantities.  The  ore  bodies  occur  in  crystalline  hme- 
Btone,  in  contact  with  gneiss,  and  the  limestone  is  pierced  by  numer- 
ouB  granitic  dikes.  It  seems  probable,  from  tbe  character  of  the  ores 
and  their  mineralc^cal  associations,  that  they  w«re  formed  by  con- 
tact metamorphism.  A  bed  of  limestone  containing  calamine  and 
smithaonite,  together  with  otiier  impurities,  might  be  expected  to 
change,  by  thfflmal  metamorphosis,  into  just  such  a  formation  as  that 
at  Franldin.  The  smithsonite  would  yield  zincite,  the  willemite 
might  be  formed  from  calamine,  and  the  frankUnite  and  gahnite,  with 
other  spinels,  could  develop  exactly  as  members  of  the  spinel  group 
develop  in  ordinary  limestones.  This  hypothesis  needs  verification, 
but  it  is  plausible  and  simple.  In  southwestern  New  Mexico,  accord- 
ing to  W.  P.  Blake,*  zinc  ores  occur  in  a  contact-metamorphosed 
limestone;  but  blende  is  the  principal  mineral.  Blake,  however,  is 
inclined  to  correlate  this  deposit  with  that  at  Franldin,  notwith- 
standing their  differences.* 

T.WA-n. 

Although  lead  is  one  of  the  commoner  heavy  metala,  native  lead  is 
exceedingly  rare.  It  is  known,  however,  from  several  localities,  but 
it  is  always  of  secondary  ori^,  a  product  of  reduction.* 

The  principal  ore  of  lead  is  the  normal  sulphide,  galena,  PbS. 
Allied  to  this  are  the  rare  selenide,  clausthalite,  and  altaite,  the  cop- 
responding  telluride.*  The  synthetic  preparation  of  galena  has  hem 
effected  by  various  methods,  both  wet  and  dry.  J.  Durocher* 
obtained  it  by  the  action  of  hydrogem  sulphide  upon  lead  cbl(»ide  at  a 
red  heat.  Any  other  salt  of  lead  would  probably  serve  the  same 
purpose.  Even  the  silicate  of  lead  contained  in  ^ass,  according  to 
T.  Sidot,*  when  heated  in  the  vapor  of  sulphm*,  3^elds  galena.  F. 
Stolba '  produced  crystals  of  the  sulphide  by  heating  the  amorphous 
compound  to  dull  redness  with  chalk.    F.  de  Marigny*  produced 

<  Trans.  Am.  Inst.  lUn.  Ens.,  ml.  »,  18»6,  p.  187. 

>F«daton0vdlugtluFraiik]lDn0oQ,gee  r.  L.  Num,  Ann.  Rept.  Htste  OHdoEbt  Hew  IsM7,  ISKI, 
p.  3t;  pai  S.  F.  Etonp,  TTans.  Nbw  York  AtaA.  ScL,  vol.  13, 1893,  p.  78.  Knap  fflveB  rattnooet  to  aatliv 
llHratun.  Sea  Kbo  J.  E.  Woltl,  Bull.  U.  8.  Gaot.  Survey  No.  313,  IWO,  p.  314,  utd  A.  C.  SpaMV,  Ann. 
RepL  Stata  OeoliwM  Nev  Jvaay,  IBOS,  and  OeoL  Atlu  XJ.  B.,  O.  S.  0«oL  Borvcj,  PrankllD  Fmace 

i(dia(N<).iei),  leoe. 

I  A.  Hambng  (Zaltschr.  Kryit  lUn.,  Tol.  17,  IBW,  p.  ZS3)  bas  sucgcstod  Ibat  at  BantlE,  Sweden,  th* 
lead  vas  reducvd  by  arwnloiu  oiida. 

'  NogysglM  Is  a  aulpbolallnrlde  at  lead,  gold,  and  antimony.  Naunumnlla,  Icfarbachite,  and  larglU  ars 
ulmldea  of  Iced  wltb  sllvci,  mcrcnr;.  oi  copper. 

>  Compt.  Read.,  ml.  31,  ISSI,  p.  323.    Seaslso  A.  Camot,  oltod  by  L.  BoattKiD,  RqmiductliB  wtlOcMI* 

•  Compt.  RtDd.,  v6i.  ta,  IMS,  p.  9M. 

'  Jahnsb.  Chamla,  U«S,  p.  aa. 

•Compt.R(aid.,Tol.Sa,lg<U,p.«e7.  dbGoOQiC 
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g&lena  by  fusing  litharge  with  iron  pyrites  uid  atarch.  F.  Koessl^* 
crystallized  hotii  galena  and  dausthalite  from  solution  in  molten 
lead.  By  distillation  of  a  mixture  containing  lead  oxide,  sulphur, 
and  ammonium  chloride,  E.  Weinschenk '  also  prepared  crystals  of 
galena.  It  is  furthermore  to  be  noted  that  galena  is  not  imcommon 
in  furnace  slags,  and  that  Mayen(»>D  '  has  reported  its  formation  as 
I  a  product  of  sublimation  in  a  burning  coal  mine. 

The  foregoing  syntheses  of  galena  have  small  geological  signifi- 
cance. In  nature,  the  mineral  appears  to  be  commonly  formed  by 
hydrochemical  reactions,  and  these  can  be  imitated  in  the  laboratory. 
C.  Doelter  *  allowed  lead  chloride,  sodium  bicarbonate,  and  a  solution 
of  hydrogen  sulphide  in  water  to  remain  in  a  sealed  tube  at  ordinary 
room  temperature  during  five  months.  Crystals  of  galena  were  thus 
formed.  E.  Weinschenk*  heated  a  solution  of  lead  nitrate  with 
ammoniimi  sulphydrate  to  180°  in  a  sealed  tube  and  also  obtiuned 
galena.  H.  "N.  Stokes  *  has  found  that  pyrite  or  marcasite,  heated 
with  a  solution  of  lead  chloride  to  180°,  will  precipitate  lead  sul- 
phide. A.  Daubr^ '  observed  the  formation  of  galena,  together  with 
anglesite  and  pho^enite,  by  the  action  of  the  thermal  waters  of 
Boiirbonne-les-Buns  on  metallic  lead.  Lead  sulphide  is  also  known 
in  spring  deposits,*  and  as  a  pseudomorphous  replacement  of  other 
minerals.  W.  lindgren  *  mentions  replacements  of  calcite,  dolomite, 
and  quartz,  and  also  of  orthoclaae  and  rhodonite.  W.  H.  Hobbs  "  has 
described  secondary  galena  as  a  surface  film  on  cerusite,  formed 
probably  by  the  action  of  hydrc^en  sulphide  on  the  latter  mineral. 
That  gaJena  itself  is  slightly  soluble  ui  water  and  also  in  solutions  of 
sodium  sulphide  has  been  shown  by  C.  Doelter."  A.  Gautier  "  has 
shown  that  galena  is  dissociated  into  its  elements  by  the  action  of 
steam  at  a  red  heat.  A  little  galena  volatilizes  and  is  redeposited  in 
crystalline  form,  and  some  also  is  converted  into  sulphate.  The  pres- 
ence of  galena  among  the  Yesuvian  sublimates,  mentioned  in  an 
earlier  chapt^  of  this  volume,  may  be  correlated  with  Oautier's 
observations. 

1  Zeltschr.  uuxc.  Chmik,  vol.  B,  I8»,  p.  41.    B7  puabis  salmlum  Tapgr  ovtr  naitti  iMd  O.  Llttla 
(Lfeblt's  AnnaldD,  ml.  113,  ISN,  p.  111}  al»  pnidiiiMl  tha  ntsilde. 
■  Zdtnhr.  XrTit.  ilia.,  vol.  17, 1880,  p.  4W. 

•  Compt.  Rand. ,  vol.  86, 18TS,  p.  tn. 

•Ztltsobi.  KryBt.  Uln.,  vol.  II,  1S»,  p.  41.    A.  C  Beoquml  (Compt.  Ron].,  vol.  14,19(7,  p.OSS)  mu- 
tfanu  B  brdrochmJcal  ayathceli  ot  gklana,  but  too  TBgutly  to  wsmat  cltatlm  aboTe. 
•ZeitKhr.  Kryit.  HId.,  voL  17,  IStO.p.  Wl. 

•  Eoon.  OeokvT,  voL  3, 1907,  p,  31. 

f  itadta  sjatbiiinata  ds  gMagla  txpirbatauta,  pp.  S4, 8S. 

•  3m,  Cor  cxunirie,  tlia  slnts  dvorlbad  by  Q.  F.  B«okcr  and  W.  B.  Halvllle,  Moil  U.  S.  0«d1.  Barmf, 
vol.  U,  ISSg,  p.  344. 

•  Tram.  Am.  Inst.  1£!il  Eii|.,  vol.  3a,1900,p.E7S. 
»  Am.  Jour.  BcL,  ad  gv.,  vol.  GO,  1989,  p.  lH. 

<>lllD.pM.UHt.,voI.  Il,1890,p.3ie.   AiilnainMl(aac<diin]oaatadwltbgalaiulsmeQtJonBdbiUli>- 
tniog.  iiig.,  vol.  la,  ma,  p.  340. 
a  Ccmpt.  Bmd.,  vol.  la,  lOOS,  p.  na. 
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The  sulphosalte  of  lead  are  nunierous,  although,  on  accoont  of 
their  individual  rarity,  they  have  little  significance  as  ores.*  Sarto- 
rite,  dufrenoysite,  guitennanite,  jordanite,  rathite,  and  lengoibachite 
are  sulpharsenides.  Zinkenite,  plagionite,  jamesonite,  eemseyite, 
boulangerite,  meneghinite,  geocronite,  kilbrickenite,  and  epiboulan- 
gentfl  are  sidphantimonides.  Other  Bulpbantimomdes  of  lead  and 
silrer  are  brongniardite,  diaphorite,  freieslebenite,  and  audorite. 
The  Bulphobismuthides  are  chiviatite,  rezbanyite,  galenobismutite, 
Bchirmerite,  cosalite,  schapbachite,  kobellite,  lillianite,  and  be^erite. 
Teallite,  cylindrite,  and  franckeite  are  sulphostannidee,  which,  for 
present  purposes,  must  be  dasslfied  under  tin. 

According  to  J.  Poumet,*  zinkenite,  PbSb^«,  can  be  prepared  by 
fusing  gajena  and  etibnite  together  in  proper  proportions.  C.  Doel- 
ter,*  by  heating  antimony,  antimony  trioxide,  and  lead  chloride 
together  in  gaseoua  hydrogen  sulphide,  obtained  junesonite,  PbSb^^ 
mixed  with  stibnite  and  galena.  By  the  action  of  molten  lead  chlo- 
ride upon  antimony  trisulphide,  H.  Somm^lad  *  reproduced  booJaD- 
gerite,  Pb^bjS,;  zinkenite;  jamesonite;  warrenite*  (domingite), 
Fb,Sb,S,;  and  plagionite,  Fb,Sb,S^,.  By  fusing  lead  sulphide  uid 
arsenic  trisulpl^de  togeiher,  he  obtained  sartorite  (sclerodase), 
FbAsjS^,  and  dufrenoysite,  Pb^,S,. 

G.  Pelabon,"  studying  the  fusion  curve  of  the  system  PbS  +  Sb^,, 
found  that  zinkenite  crystallized  out  at  558°,  and  jamesonite  at 
610°.  F.  M.  Jaeger  and  H.  S.  van  Klooster,'  by  a  similar  process, 
obtained  only  jamesonite  and  plagionite.  The  component  sulphides 
were  fused  tc^ether  in  an  atmosphere  of  nitrogen.  They  assert  that 
Sommerlad's  syntheses  are  incorrect. 

Whether  any  of  these  syntheses  correspond  to  natural  proceesee  is 
questionable.  The  ore  bodies  in  which  tbe  minerals  occur  appear  to 
have  been  formed  in  most  cases  from  mineralized  solutions,  or  else 
by  pneumatolytic  reactions  at  temperatures  whidi  were  not  exces- 
sively high.  Syntheses,  to  be  geolo^caUy  significant,  should  be  con- 
ducted on  the  lines  which  nature  seems  to  have  followed.* 

By  oxidation,  carbonation,  etc.,  the  sulphtu*  compounds  of  lead  are 
transformed  into  other  minerals.     Among  them  are  the  three  oxides, 

■BDorDoalU  and  aDdnltSjWliiclicoDtftlnboUi  lead  and  oiqiiw,  haw  alnadr  bmo  nuDticnsd  mdcr  tlw 
UttvmetaL 

■  Oted  by  L.  BoDTsaob,  R^tx)du£tk«  artUWdJa  dn  mJndnoz,  p.  40,  irom  Jour.  inkL  QtMUki, -nL  1^ 
p.  «W. 

'  Zaltschr.  Eiyit.  lOn.,  vol.  U,  1S89,  p.  K. 

^ZtttaOii.  aoorg.  Ctumk,  vqL  IB,  1808.  p.  430,  Bomms'lad'i  rooUs  bxve  bam  caUad  In  qamtlai  br 
T.  DucatM  (Thesis,  Unl*.  Paris,  1801)  and  I.  Rondet  (Ttusls,  Univ.  Parli,  IBM),  who  claim  tbat  tba  mo- 
Ooaa  amploTed  mall;  producecomplsichlcrliBtsd  sulphides,  and  not  trae  sulphcsalts. 

>  Aocading  to  L,  J.  SpeoDtr  (Ulnenaag.  Mag.,  vol.  U,  1907,  p.  307),  wtimitsls  Idanttalwfth  Jaioe- 
icnlta.   'W.T.SchBllK(ZeltMhr.KrTttlfla.,vaL«,l«I,p.Ml)n(ardittaaa)nl: 


•  Compt.  Sand.,  vol.  IH,  p.  706, 1913. 
'  ZBltaehr.  anorgt.  Chanla,  vol.  78,  p.  Me,  1911 

■  JaaUBOolU  [urniB  an  Important  ere  at  LaBlraia,  uaar  Zimqian,  Ueiica    B«e  W.  Llndgmand  W.  I^ 
WhilahtKd,  EooD.  0«olag7,  vol.  9, 1911,  p.  *36, 
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maBMCot,  FbO;  minium,  PbgO^;  and  plattaeiite,  PbO,.  Alt  these 
have  been  prepared  Bjnthetically  in  crystEiUine  fonn,  but  in  most 
cases  b;  methods  which  scarcely  resemble  natm-al  processes.  A.  C. 
Becquerel/  by  allowing  an  alkaline  solution  of  alumina  or  silica  to  act 
slowly  upon  a  plate  of  lead,  obtained  crystals  of  massicot.  The  lead 
was  surrounded  by  a  coil  of  copper  wire,  and  Becquerel  attributed  the 
synthesis  to  electrical  action.  It  was  more  probably  a  simple  hydro- 
chemical  process. 

Lead  carbonate,  cerusite,  PbCO,,  is  a  common  mineral,  produced 
by  the  action  of  carbonated  waters  in  the  upper  levels  of  ore  bodies.' 
liiere  are  also  the  basic  hydrocemsite,  Pb,  (OH),  (CO,),,  and  the  rare 
dundasite,  a  carbonate  of  aluminum  and  lead.*  Becquerel  *  obtained 
crystals  of  cerusite  when  a  solution  of  sodium  and  calcium  carbonate 
acted  gradually  upon  a  plate  of  lead.  E.  Fremy*  produced  the 
mineral  by  the  slow  diffusion  of  a  carbonate  solution  into  a  lead 
solution  through  a  porous  membrane.  By  some  such  gradual  min- 
gling of  dilute  solutions,  the  natural  cerusite  is  probably  often  formed.* 
H.  Ton  Dechen '  has  reported  the  case  of  an  old  mine  whose  walls  were 
covered  with  a  thick  coating  of  cerusite,  which  had  been  deposited 
from  solution  like  sinter.  A.  Lacroix "  has  observed  the  mineral  as 
a  coating  on  old  Roman  coii».  It  is  also  produced  by  metasomatic 
replacement  in  limestones,  and  fossils,  such  as  encrinites,  have  been 
found  completely  transformed  into  cerusite.*  The  rare  chloro- 
carbonate  of  lead,  phosgenite,  Pb,Cl,CX!)„  was  reproduced  by  C. 
Friedel  and  E.  Sarasin '°  when  lead  chloride,  lead  carbonate,  and 
water  were  heated  together  in  a  sealed  tube  to  180°.  It  was  also 
prepared  by  A.  de  Schulten,"  who  allowed  a  filtered  solution  of  lead 
chloride  to  stand  in  a  large  fiask  while  a  current  of  carbon  dioxide 
passed  slowly  through  the  vacant  space  above. 

Cotunnite,  lead  chloride,  PbCl,,  is  found  in  nature  as  a  volcanic 
mineral,  produced  by  sublimation.  F.  St5ber ''  reproduced  the  min- 
eral by  this  process,  and  also  obtained  it  in  minute  crystals  from 
simple  solution  in  water  or  in  aqueous  hydrochloric  acid.     It  was  also 

I  CompL  Hmd.,  vol.  34, 1U2,  p.  33.  BmbIso,  fo 
dn  Tiiilnfc«ii»,  p.  M.  L.  lUohel  (BuU.  Soa  min 
platCiwrila. 

■  A  iBTge  deposit  o[  oanuhe  In  th«  Tmlbia  n 
md8,Ei«.aiid  Kb.  Jour.,  vol.  S3,  1907,  p.  844.    Its  ImnaUon  la  awrUMd  to  tba  aotloa  of  draceodJns 

•  Be«  Q.  T.  Prior,  Uliurslog.  Uag.,  vol.  14,  IMS,  p.  107. 

•  Loc.  dt. 

•  Compt  Batd.,  vuL  83,  ISBO,  p.  n4. 

•  ThesyntbaHBaCMiiaite,  by  J.RIbuiCCoaipt.  Rend.,  voL  83,  ISSl,  p.  1036),  and  ol  bydrocvuallc,  b; 
L.  BourE«ob(Bull.  Bocmla.,vol.  11, 1»(S,  p.  131),  havanoretaUaDtODMiinlprooantt. 

iK«iusJ*hcb.,l»8,p.21S. 

■  Bon.  Soc.  mIn.,  vd.  6, 1S83,  p.  ITS. 

•  See  BIMe,  Neuee  Tahrb.,  ISM,  p.  t3g. 
»  Bon.  Boo.  mln.,  vol.  4,  IBSl,  p.  ITS. 

u  Iduu,  Td.  X,  ISVT,  p.  IM. 

»  BuU.  Acad.  to;.  90L  Belglque,  3d  nt.,  vol.  30,  lr«5,  p.  34S. 
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formed  by  A.  C.  Becquerel,'  much  earHer,  by  allowing  a  Bolution  of 
copper  sulphate  and  8odimn  chloride  to  act  upon  galena  during  a 
period  of  seven  years.  The  sulphate,  anglesite,  was  obtained  at  the 
Bame  time.  The  great  rarity  of  cotunnite  as  a  natural  mineral  is  due 
to  the  strong  tendency  on  the  parii  of  lead  to  fonn  basic  salts,  and  the 
basic  chlorides  are  much  more  frequently  found.  Matlockite,  Pb,OCl„ 
and  mendipite,  Pb,OjCl„  have  long  been  known.  Schwartzembergite 
is  like  mendipite  in  composition,  hut  with  iodine  largely  replacing 
chlorine.  Laurionitc,'  paralaurionite,  pen&eldit«,  daviesite,  and  fied- 
lerite  are  oxychlorides  of  lead  which  have  formed  on  ancient  sla^  at 
Laurium,  in  Greece.  Caracohte  is  a  double  salt  of  the  composition 
PbOHCl+Na,SO,.  Percylite,  cumengeite,  and  pseudoboleite  are 
oxychlorides  of  lead  and  copper,  and  boleite  is  similar  in  composition, 
but  with  silver  chloride  as  an  additional  component.* 

Lead  sulphate,  PbSO«,  as  the  crystallized  mineral  anglesite,  is  a 
common  oxidation  derivative  of  galena.  According  to  B.  Jannetaz  * 
galena  is  easily  attacked  by  acid  solutions  of  ferrous  sulphate  such  as 
are  generated  by  the  oxidation  of  pyrit«  or  marcasite.  The  associa- 
tion of  galena  with  pyrite,  therefore,  is  favorable  to  the  formation 
of  anglesite.  Its  synthesis  by  Becquerel  has  already  been  mentioned, 
and  it  has  also  been  prepared  by  Mac£,*  who  added  a  solution  of  fer- 
rous sulphate  very  slowly  to  one  of  lead  nitrate.  EssentJally  Uie 
same  process  was  succeasfuliy  followed  by  E.  Fremy*  and  by  E. 
Masing,'  a  soluble  sulphate  being  allowed  to  diffuse  very  slowly  into 
one  of  a  lead  salt — in  Masing's  case  lead  nitrate.  Lead  sulphate, 
although  relatively  insoluble,  is  not  absolutely  so;  it  therefore  can 
be  crystallized,  as  the  syntheses  show,  when  it  is  formed  vfith  extreme 
slowness  in  very  dilute  solutions.  Conditions  of  this  sort  probably 
attend  the  formation  of  anglesite  in  bodies  of  lead  ore;  but  when  car- 
bonates are  present  in  the  percolating  waters,  cerusite  is  produced 
instead.  The  synthesis  of  anglesite  by  N.  S.  Manross,'  who  obtained 
it  by  fusing  lead  chloride  with  potassium  sulphate,  does  not  seem  to 
correspond  with  any  natural  mode  of  formation. 

Lanarkite  is  a  rare,  basic  sulphate  of  lead,  Pb^SO,.*  Caledonite 
and  linarite  are  basic  sulphates  of  lead  and  copper,  and  plumbojaro- 

1  Compt.  Rand.,  vol.  34, 1851,  p.  20. 

■ForasyntheeboduirloiilM,  PbOHCl.MeA.diBchnltoi,  BnU.  Soc  mln.,  V(<.2a,iae7,p.iw.  On  tin 
rannitnsal!i()ILwiilum,a«A.LBcrolxaOdD«BchliltBn,BulL8oc.ralii.,vol.Sl,ine,p.7S.  Otirtl^atMB, 
a  phoopbaM  wid  dila-ldc  of  Iwd,  should  be  addad  to  tba  bat 

<  Pcccyllle,  cnmvigglt*,  uid  bolglla  b&T*  baan  inada  BrtiflckUr  by  C.  Frladal,  BoU.  Sao.  mbi.,  tOL  U, 
UM.p.es;  vol.  Ill,  1803,  p.  187;  and  vol  IT,  18M,  p.  0.  Bra  also,  In  raXnooa  to  tbasa  mlnac^  B.  IfaUard, 
Bull.  Soo.  mln  ,  vol.  IS,  1893,  p.  IH,  and  G.  Frisdd,  Idem,  v<d.  »,  IMB,  p.  14. 

•  Bull.  Soc.  bAoI.  Praaca,  3d  mt.,  vol.  3,  ISTt,  p.  310.    0,  Ploltl  (Jour.  Chain.  Sac,  voL  100,  IBlt,  p.  MO, 
■bstnet)  obtained  crjalala  at  an^lwlta  b;  tba  protongad  Id 
oUraCa. 

•  Compt  RMML,  vol.  30,  18S3,  p.  B2G. 

<  ideni,  v(*.  83,  law,  p.  n*. 

'laliTBsb.Cliemla,  188B,p.  4. 

1  Lleblg'i  Amulaii.  vol.  33.  ISM,  p.  Ui. 

•  For  a  ■fnHuda  oIlaiuckltMea  A.  de  Sdndtw,  BuU.  Soo.  mln.,  vol.  3t,  W^  p.  UL 
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site  and  beaverite  basic  sulphates  of  lead  and  ferric  iron.  Leadhillite 
is  B  complex  salt  of  the  f  onnula  PbS0,.2PbC0,.Pb(0H),.  At  Granby, 
Mifisouri,  according  to  W.  M.  Foote,*  it  occurs  as  a  pseudomorph 
after  calcite  and  galena.  In  composition  it  suggests  a  double  salt 
formed  by  the  union  of  hydrocerusite  and  anglesite,  in  equimolecular 
proportions.*  Flumbojarosite,  a  highly  hydrated  sulphate  of  lead 
and  iron,  is  abundant  in  some  mines  in  Utudi.* 

Lead  salts  analogous  to  anglesite  are  the  chromate,  crocoit«, 
PbCiO,;  the  molybdate,  wulfenite,  PbMoO^;  and  the  tungstate,  stol- 
zite,  FbWOf.  The  rare  phceoicochrotte  *  ia  a  basic  chromate, 
Pb,Cr,0,;  vauquelinite  is  a  chromate  and  phosphate,  and  beresovite 
is  described  as  a  chromate  and  carbonate  of  lead,  which  is  not,  hov- 
ever,  the  equivalent  of  leadhillite,  for  it  contains  no  water. 

When  sodium  tungstate  is  fused  with  lead  chloride,  according  to 
N.  S.  Manross,'  stolzite  is  formed;  with  sodium  molybdate,  wuHen- 
ite  is  produced;  and  by  fusii^  together  pota^ium  chromate  and 
lead  chloride  he  obtained  crocoite.  The  formation  of  wulfenite  as 
a  furnace  product  *  is  probably  due  to  some  reaction  of  this  kind. 
By  slow  diffusion  of  solutions  of  potassium  chromate  and  lead  nitrate 
into  one  another  A.  Drevermann '  obtained  both  crocoite  and  phoeni- 
cochroite.  Cerusite  and  anglesite  were  formed  at  the  same  time 
from  impurities  in  the  ret^nts.  A.  C.  Becquerel*  allowed  a  gal- 
vanic couple  of  lead  and  platinum  to  act  for  several  yeats  upon  a 
solution  of  chromic  chloride  and  obtained  crystals  which  appeared 
to  be  crocoite.  S.  Meunier  *  found  that  phcenicochroite  was  formed 
when  fragmento  of  galena  were  immersed  during  six  months  in  a 
solution  of  potassium  dichromate.  L.  Bourgeois  *"  boiled  precipitated 
lead  chromate  with  dilute  nitric  acid.  From  the  hot,  filtered  solu- 
tion crystals  of  crocoite  were  deposited.  Better  results  were  obtained 
when  the  opwation  was  conducted  in  a  sealed  tube  at  130°.  Lachaud 
and  Lepierre  "  state  that  when  amorphous  lead  chromate  is  boiled 
with  a  solutJOD  of  chromic  acid  it  crystallizes  into  crocoite.  Phceni- 
cochroite was  formed  when  lead  chromate  and  sodium  chloride  were 
fused  together.    Both  chromates  were  obtained  by  Lildeking  "  upon 

>  Am.  looT.  8d.,  3d  ur.,  Tol.  SO,  1B85,  p.  W. 

'  PalmkiHe,  B  doable  siilphate  of  had  and  poUssImn,  b  found  smcmg  the  nimit  prodocts  ol  ruinarola 
actkn  at  V«8DTiua. 

•  iDMrtalnof  thamlnaof  BcBTHCoanty.pLumbciluiHltolaabuniUnt  (nough  tobttnaudaa  on  an 
ollead.    Sea  B.  8.  Butler,  Ecm.  OnWagT.TDl.B,  1813,  p.  311. 

•  Also  csUod  meloiiochTolte. 

•  Uablg'i  Annalai,  vol.  Sa,  1362,  p.  UR.    H.  Schnltie  (Idem,  vd.  tZS,  18S3,  p.  SI}  -pxepaitd  wulfvUte  In 

•  BM  J.  F.  L.  WMitnann    Htm,  Tol.  81,  lgS2,  p.  234. 

t  Idem,  tqL  ST,  1SS3,  p.  130;  vol.  89,  ISM,  p.  IL 

•  Gon^t.  B«ld.,  T(d.  03,  IMS,  p.  t. 

•  Idem,  ToL  ST,  IXTS,  p.  6M. 

••  Ball.  Boc.  mb.,  vd.  10,  I88T,  p.  187. 

u  BoU.  Soc  Chlm.,  3d  «K.,  vol.  S,  IS«1,  p.  S30; 

a  Am.  Jam.  SoL,  3d  aar.,  Td.  44,  p.  57. 
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exposing  to  the  air  during  seTeral  months  a  solution  of  lead  cfannnate 
in  caustic  potash.  G.  Cee&ro '  prepared  crocoite  by  the  same  process, 
and  with  lead  molyhdate  crystalline  wulfeuite  was  formed.  E. 
DitUer '  added  a  hot,  concentrated  solution  of  lead  chloride  to  a 
dilute  solution  of  ammonium  molybdate,  and  obtained  an  amfir- 
phous  precipitate.  This,  dissolved  in  a  solution  of  sodium  carbonate, 
was  gradually  redeposited  as  wulfenite.  Natural  wulfenite,  digested 
wiUi  sodium  bicarbonate,  yielded  hydroceruute.  Of  all  these  sy-o- 
theses,  that  by  ^uiuer  seems  best  to  represent  the  probable  nature 
processes. 

Three  lead  minerals,  the  chlorophosphate,  pyromorphite, 
Pb,P,OuCl;  Hie  corresponding  aisenate,  mimetite,  Pb,A8,0,,Cl;  and 
the  vanadium  salt,  Tanadinite,  Pb,V,0„Cl,  occur  both  independently 
and  in  a  great  variety  of  isomorphous  mixtures.  Endlichite,  for 
example,  is  a  mixture  of  the  arsenic  and  vanadium  compounds,  and 
minerals  intermediate  between  mimetite  and  pyromorphite  are 
common. 

All  these  species  have  been  prepared  synthetically,  and  pyromoi^ 
phite  is  also  known  as  a  furnace  product  in  sli^.'  K.  S.  Manross* 
obtained  pyromorphite  by  fusing  lead  chloride  with  tribasic  sodium 
phosphate.  H.  Sainte^aire  Deville  and  H.  Caron '  fused  lead  phos- 
phate, lead  chloride,  and  sodium  chloride  together  to  produce  pyro- 
morphite, and  L.  Michel  *  accomplished  the  same  purpose  by  the 
same  process,  only  omitting  the  common  salt.  From  fusions  of  lead 
arsenate  with  lead  chloride  G.  Lechartier '  and  also  Michel  succeeded 
in  reproducing  mimetite.  Vanadinite  was  obtained  by  P.  Haute- 
feuille*  when  vanadio  oxide  was  fused  with  lead  oxide  and  lead 
chloride.  All  of  these  syntheses,  it  will  be  seen,  are  similar  and  were 
effected  by  fusion,  while  the  natural  occurrences  of  the  minerals  indi- 
cate hydrochenucal  reactions.  In  the  case  of  pyromorphite  thin 
natural  process  was  simulated  by  H.  Debray,*  who  prepared  pyro- 
morphite by  digesting  lead  pyrophosphate  with  a  solution  of  lead 
chloride  at  250°. 

Other  phosphates,  arsenates,  and  vanadates  containing  lead  and 
sometimes  zinc,  iron,  or  copper  also,  are  plumbogummite,  caryinite, 
carmiuite,  lossenite,  bayldonite,  ecdemite,  beudautite,^"  svanbargite, 
hinsdalite,  descloi^te,  cuprodescloiute,  brackebuscbite,  utd  psittaci- 

1  Bon.  And.  nj.  nL  Btlglqa*,  igW,  p.  XtT. 

•  Ztfticlir,  Eryit.  Ulo.,  vol.  SS,  mt,  p.  ISg. 

■  I.  J.  NSnttath.NetMa  IthA.,  1M7,  p.  S7. 

•  JMblf's  Amulsa,  toL  S3,  IgES,  p.  31B. 

t  AnittlM  tihlm.  ph]i«.,  3d  so-.,  vol. «,  laes,  p.  «I. 

•  Bull.  Boo.  mta.,  vol.  10,  Itg?,  p.  133. 
>  Compt.  Rwd.,  T(d.  »,  iser,  p.  173. 

■  Idem,  ToL  TT,  1873,  p.  SM. 

■  AddsIm  ohlm.  lAp.,  3d  Mr.,  vol.  61,  IMl,  p.  443. 
■•7h(Kph*te,uMn>U,iadnilptaal«otIasd.   BTUitMrglU,  biudaltU,  and  th*  MlpbtM,  bMiwUa,  «• 

•IIM  to  txuduitlU. 
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nite.  Bindheimite  is  a  lead  antimonate,  formed  by  oxidation  from 
su]pho8alt8  of  lead.  Nadorite,  FbOSbO,,  asid  ochrolite,  Fb.CltSb^O,, 
are  perhaps  of  similar  origin.  All  of  these  species  are  rare  minwals 
and  need  not  be  considered  further.  The  same  may  be  said  of  the 
lead-bearing  silicates,  bary^t«,  ganomalite,  hyalotekite,  kentrolite, 
melauotekite,  nasomte,  roeblingite,  and  moljbdophyllite.  The 
roeblingite,  however,  from  the  zinc  mines  at  Franklin,  New  Jersey, 
is  tmique  in  containing  a  sulphite  molecule  combined  with  the  plicate. 
An  artificial  lead  silicate  from  furnace  slag  has  been  described  by 
E.  S.  Dana  and  S.  L.  Penfield,'  and  also  by  H.  A.  Wheeler.' 

The  common  association  of  lead  ores  with  those  of  zinc  was  pointed 
out  in  the  preceding  section  of  this  chapter.  Blende  and  galena  are 
both  formed  from  solutions,  but  not  always  in  the  same  manner.  By 
differences  in  the  solubility  of  tiieir  oxidation  products  the  two 
metals  are  often  separated  from  eadi  other,  for  lead  sulphate  is 
slightly  soluble^  while  zinc  sulphate  is  easily  so.  Zinc,  therefore, 
disappeu«  from  the  upper  portions  of  ore  bodies  much  more  rapidly 
than  lead,  and,  for  the  same  reason,  so  does  copper.  The  lead  ores 
of  Eureka,  Nevada,  are  regarded  by  J.  S.  Curtis  *  as  t^e  product  of 
solfataiic  action;  those  of  Iieadville,  Colorado,  according  to  S.  F. 
Emmons,*  were  deposited  from  descending  solutions,  which  had  gath- 
ered their  metallic  burden  from  neighbonng  eruptive  rocks.  In  both 
cases  the  ore  bodies  are  interpreted  as  replacements  in  country  rock. 

TIN.' 

Tin  is  one  of  the  rarer  metals  and  its  ores  are  not  numerous. 
Native  tin  is  occasionally  found,  but  never  in  more  than  trifling  quan- 
tities and  in  small  grains.'  The  ore  of  chief  importance  is  tiie 
dioxide,  cas^terite,  SnO„  but  several  sulphosalts  are  also  known. 
They  are — 

StAnnite Cu^eSnB^. 

Te»llite' PbSnS^ 

Cylindrite PbiFeSn^Sb^,.. 

Franckeite Pb»PeSn,Sb^n. 

1  Am,  iDor.  ScL,  3d  Mr.,  toL  BO,  1886,  p.  13S. 
■  Idm,  vol.  31,  use,  p.  373. 

•  UcsL  XS.  a.  Ood.  Smray,  ToL  7, 1884,  CtupUrs  T,  8. 
iId<ni,ToLU,18M,p.ara. 

•  Fia  •  papa-  ui  tha  oocnmnog  ind  dlstrtbotioD  of  tin,  wftta  B  blbUogrq^r,  Ma  F.  L.  Hmb  and  L.  C. 
Onton,  BnIL  O.S.  0«aL  Samy  No.  XO,  tOM,  p.  ISO.  A  nunmaiT  o<  tin  localltltt  b  also  glna  by  W.  p! 
Blik^  In  mncnl  Rooorces  U.  S.  tcr  1883-81,  U.  B.  0«oL  Bamj,  IMS,  pp.  BM  «t  Mq. 

•  A  Nomt  dlaoovwT  Of  Mtlva  tts  Ig  Dated  br  E.  S.  Siiiqmm  in  Aim.  It«pt.  Gm)L  Survcr  W«rt  AusbkUa, 
U8B,  p.  a. 

'  Bm  O.  T.  Prist,  Uinenloe.  Mag.,  nd.  14,  ISM,  p:  21,  <n  thg  oan^oslUon  of  tealllla,  cyllndHtc,  and 
bmekalM.  S«a  also  A.  Stelnur,  Neoea  Jahib.,  Band  3, 1803,  p.  114,  and  A,  Prenul,  Idem,  p.  135.  On 
lUimtte  and  lt5  altastkn  psoduots  tnm  the  BtoEk  HUla,  see  W.  P.  Hcoddan,  Am.  Jom.  BcL,  3d  as., 
Td,  4S,  1803,  p.  106. 
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There  is  also  a  very  rare  borate  of  calcium  and  tin,  nordeiLskid]- 
dine/  CaSnBaO,,  which  is  iuteceating  because  it  directJy  connects  tin 
with  boron,  lie  same  is  true  of  hulsite  and  paigeite,  two  ipon-tin 
borates  foimd  in  Alaska.*  Other  minerals,  especially  those  of  the 
rare  eartbs,  sometimes  contain  small  amounts  of  tin  as  an  impurity, 
and  the  metal  has  also  been  found  in  zinc  blende.* 

CaBsiterit«  has  been  repeatedly  observed  as  a  furnace  product. 
formed  by  the  direct  oxidation  of  tin.    Recent  oocorrencea  of  tliis 
kind  are  recorded  by  A.  Arznmi  *  and  J.  H.  L.  Vogt,*  and  L.  Bour- 
geois *  has  identified  the  mineral  in  scoria  from  a  bronze  foundry. 
The  first  synthesis  of  cassiterit«  was  performed  by  A.  Daubr6e '  'wben 
the  vapor  of  stannic  chloride  was  mixed  with  steam  in  a  red-hot 
porcelfun  tube.    Later  tiie  same  chemist '  prepared  the  mineral  by 
passing  the  vapor  of  stannic  chloride  over  heated  lime.    The  crystal- 
lized oxide  was  obtained  by  H.  Sainte-Claire  Deville  and  H,  CaicoQ.  • 
when  stannic  fluoride  and  boric  oxide  were  heated  together  to  white- 
ness.    H.  Satnte-Qure  Deville  ^*'  also  obtained  it  by  heating  tiie 
amorphous  oxide  in  a  slow  current  of  hydrochloric  acid  gas  and 
again  by  a  repetition  of  Daubr^e's  first  process.    A.  Ditte  "  noticed 
the  formation  of  crystalline  stannic  oxide  when  the  amorphous  com- 
pound, mixed  with  calcium  chloride  and  ammonium  chloride,  was 
subjected  to  a  white  heat. 

According  to  C.  Doelter,"  cassiterite  is  perceptibly  soluble  in  water 
at  80°,  and  more  so  in  presence  of  sodium  fluoride.  Some  recrystal- 
lization  from  the  solution  was  observed.  This  solubility  is  also 
indicated  by  several  natural  occurrences  of  tin.  S.  Meunier  **  found 
0.5  per  cent  of  SnO,  in  an  opaline  deposit,  resembling  geysoite,  from 
a  thermal  spring  in  Selangor.  J.  H.  Collins  "  reports  tinstone  as  a 
ccnnent  in  certain  Cornish  coi^lomeratee,  as  an  impregnation  in  long- 
buried  horns  of  deer,  as  pseudomorphs  after  feldspar,'*  and  as  cap- 

1  Dearlbnl  b7  W.  C.  Brllnw,  Z«lbcbr.  KT7M.  Htn.,  toL  le,  UBO.p.  a. 

1  Sm  a.  Enopf  and  W.  T.  SdullM',  Am.  Jodt.  Bd.,  4tti  wr.,  niL  as,  1008,  p.  m.  Aim  BctHdlcr,  Um, 
ToL  18,1010,  p.  tU. 

■SmA.  BUtanvandA.  Btaurtd.Iattrb.  Bvs-n.  HOttoiw.  Etaig.  Sad>Mn,188a,p.61,ODttnliibl>et 
blende  from  mibvg.  Ithu  also  been  found  In  Iheilnomaof  UwSIocbu  dlsbict,  Brftbh  ColiunhlK. 
8m  B«pt.  Comm.  on  ZIm  Rtsouroes,  ate,  o[  Britlsb  Colombia,  Ulnss  Braiicli,  Dept.  tnUrlv,  Ottawm, 
IJM,  p,  IB. 

'  ZullMbr.  Kryrt.  Mln.,  toL  M,  1806,  p.  M7. 

•  Idem,  vol  31, 19X1,  p.  379. 

•  Bull.  Boo.  mln.,  vol.  11, 1888,  p.  IS. 
'  Compt.  Rand.,  vol.  39,  IBM,  p.  231. 
■  Idem,  Tol.  38,  ISM,  p.  13fi. 

•  Idam,  ToL  M,  1858,  p,  704.    DataUs  not  glran. 
••  Idem,  Tol.  G3, 1881,  p.  161. 

II  Idem,  ToL  W,  1883,  p.  m, 

a  Uln.  pet.  lUtt.,  vcd.  11, 1880,  p.  3K. 

u  Compt.  Rmd.,  toI.  110, 1B90,  p.  1083. 

"  Uinaalog.  Ifag.,  *d.  4,  ISSO,  pp.  1, 103,  and  vol.  5, 1883,  p.  131. 

<•  AoDcrdtnc  to  C.  Ksld  tad  J.  B.  Bcrlvinar  (Uam.  Oeal.  Bwvay  Ens-  ind  Wales,  Oaoloey  of  comtr; 
near  Newqna;,  IMM,  p.  38),  the  scxiaUed  pBeodonurpha  are  raplumiants  of  orthodsM  by  an  igiTaintaof 
cudtstt^  mnaaoTHo,  and  qoartt.  On  the  stnaala  of  the  Cornlab  ares,  see  also  J.  B.  HOI  and  D.  A.  Map- 
Allttir,  Idem,  Oaolocy  of  FalmutiUi,  Traro,  etc.,  p.  167. 
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pings  on  crystals  of  quartz.  He  also  notes  that  casaiterite  cr^tals 
often  line  fissures  in  quartz,  the  latter  containing  numerous  fluid 
inclusions.  An  incrustation  resembling  "wood  tin"  was  found  hy 
Collins  on  an  ingot  oi  ancirait  tin,  having  been  formed  by  slow  oxi- 
dation of  the  metal.  Furthermore,  CoUina  reports  seoondary  crystal- 
lizatiouB  of  casaiterite  on  reniform  massea  of  "wood  tin,"  and  all  of 
this  eridoice  he  regards  as  proof  tiiat  the  Cornish  ores  are  of  aqueous 
origin.  FseudomOTpha  of  caasiterite  aft«r  hematite  were  found  by 
F.  A.  Gcinth '  in  tin  ores  from  Durango,  Mexico,  and  he  also  cites 
an  obBcrration  by  W.  Semmona,  who  described  specimens  of  bis- 
muthinite  coated  with  concentric  layers  of  tinstone.  It  is  posmble 
in  some  of  these  cases  that  the  tin-bearing  solutions  may  have  been 
deriTed  from  the  oxidation  of  stannite,  but  this  point  seems  to  hare 
received  htUe  or  no  consideration.  Stalsctitic  casaiterite,  from  the 
Sierra  de  Guanajuato,  Mexico,  has  been  described  by  E.  Wittich.* 

Casaiterite  has  been  noted  as  an  original  constituent  of  igneous 
rocks,'  but  it  more  conmioDly  occurs  in  veins  or  stringers  of  quartz 
under  conditions  which  indicate  a  secondly  deposition.  As  a  rule, 
tin-bearing  veins  are  found  in  or  near  ptoBilicic  rocks,  such  as  pegma- 
tites and  altered  granites.  Sometimes  the  asaociation  is  with  quartz 
porphyry,  as  at  Mount  Bischoff,  in  Tasmania,*  and  at  certain  Mexican 
miues ;  but  at  other  localities  of  tin  in  Mexico  the  prevailing  rock  is 
rhyolite  or  rhyoUte  tuff.  In  these  instances,  as  at  the  Potrillos  mine, 
in  Durango,  the  ore  is  found  along  fault  planes  in  the  rhyohte.* 
The  Cacaria  mine,  also  in  Durango,  is  in  quartz  porphyry.  In  the 
Malay  Peninsula,  according  to  R.  A.  F,  Penrose,*  the  prevalent 
stanniferoiu  rocka  are  granitio,  or  detrital  matter  derived  from 
granite;  but  at  Chongkat  Pari,  in  Perak,  casaiterite  is  extracted 
from  limestone,  and  at  Bruseh,  Pea-ak,  it  is  found  in  seams  in  sand- 
stone. These  abnormal  occuirencea  are  perhaps  due,  as  Penrose 
suggests,  to  infiltration  of  tin-bearing  solutions — a  supposition 
which  becomes  probable  in  the  light  of  evidence  already  cited. 

The  typical  mode  of  occurrence  of  tin  ores  is  in  quartz  veins  cut- 
ting granite,  t^e  walls  of  t^e  latter  rook  beiog  altered  into  greisen. 
Gr^scoi  is  essentially  a  granite  in  which  t^e  feldspars  have  been 

1  Froo.  Am.  PbDca.  Bon.,  voL  W,  im,  p.  23.  L.  V.  Ptawn  (Am.  Jam.  Sd.,  M  •s.,yaL  O,  UBl,  p.  407} 
hu  daalbeil  o-ystab  of  hematlM  Inclaatiii  caisttstte,  from  tin  auiw  lontttr. 

1  ZtJtscbr.  pr»kc  Qtolaslt,  IBID,  p.  121. 

■  Bn  ante,  p,  3S3.  in  chspter  cm  rock-tsrmfng  mtiMrali. 

I  On  TannaiilHi  tls  dep<»tt«  wa  L.  K.  Ward,  BulL  0«al.  Survgy  TMmuila,  No.  A,  Ida).  Bvlhr  wiparBts 
papas  by  O.  A.  Wallar  and  W.  H.  TnrdTMrcea  wsa  Isniad  b;  tha  same  oSc*.  On  tbe  Ucnuit  BlsclicA 
mlnn, teeV.voa  Fbcis,  Zeluchr.  Dentsch.  p»l'  OmiU., ^.  El.  18M, p.  431. 

>  Sm  C  W.  Ecmpton,  Train.  Am.  lusL  Kin.  Eng.,  toL  U,  18M,  p.  W7,  and  W.  K.  logalls,  idmi,  p.  147. 
On  tha  Sain  Alto  mbua,  ZaoaUcas,  SM  E.  Baba,  Mam,  vciL  »,  IMO,  p.  na,  and  J.  H.  Havtoii,  Eng.  and  Ubi. 
IiKir.,  voL  7S,  IWB,  p.  fnO.  Thb  locality  la  also  rhytrittlc.  On  tha  On  dcpoolti  ol  Ooan^Dato,  na  A.  H. 
Brtmly,  Truu.  Am.  Init.  Ufa.  Bog.,  vol.  3»,  l«Oe,  p.  327. 

'Jour.  Oaolocy,  vol.  11,  l«a3,p.  13i.  On  tha  oteaot  BaKMand  BItUt(in,aa«  B.  Back,  ZtftMhr.  pnkt. 
OetJogIa,  isas,  p.  m.  W.  S.  Sombold  (Bull.  Am.  Inat.  Uln.  Eng.,  S^temtMi,  ISDe)  has  dmrlbad 
Oh  tin  depoalta  of  the  Ktnta  Valla;,  Mala;  Btatas.    Ha  mantlona  dqKMlli  In  Itmariom. 
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transformed  into  mica  and  of  which  topaz  and  toormaline  are  ire- 
qneat  constituents.  The  mica  is  often,  bat  not  invariably,  lithia 
bearing,  dther  ordinary  lepidolite  or  zbinwaldite.  Bismulii  ores, 
wolfram,  and  arsenopyiite  are  common  associates  of  the  tinstone. 

These  mineralo^cal  data,  the  usual  presence  in  fitannifcrona  reins 
of  species  containing  fluorine  and  boron,  and  also  die  alteration  of  the 
granite  walls,  have  led  to  the  very  general  belief  that  tin  deposits  of 
the  ordinary  type  have  been  formed  by  the  injection  of  vapors  carry- 
ing the  two  elements  above  named  and  also  the  tin.  This  belief  is 
strengthened  by  the  various  syntheses  of  cassiterite,  in  which  boric 
oxide  and  chloride  or  fluoride  of  tin  have  taken  part.  The  Bignifi- 
cance  of  the  very  fare  mineral  nordenskiSldiiw,  witli  its  tin  and  boron 
together,  here  becomes  apparent,  although  the  species  has  not  been 
found  in  any  vdn  or  deposit  of  the  usual  stanniferous  type,  but  only 
in  a  dike  of  cteolite  syenite.  Ordinarily  the  two  elements  are  sepa- 
rated, tJie  boron  going  to  the  tourmaline  molecules  and  the  tin  to 
form  caaaiterite.  Huorine  is  represented  by  topaz,  fluorite,  or  apar 
tite,  and  sometimes  by  the  lithia-bearing  phosphates  triphylite  and 
amblygonite.*  In  some  localities  formerly  worked  for  tin  the  lithia 
minerals,  especially  ambl;gonite  and  lepidolite,  are  now  the  spedes 
of  chief  conunercial  value. 

American  deposits  of  tin,  more  or  lees  resembling  those  of  Cornwall 
and  Saxony,  are  found  in  the  York  r^on,  Alaska;  in  Rockbridge 
County,  Vir^nia,  and  near  El  Paso,  Texas.  The  Alaskan  fidd  has 
berai  well  studied  by  A.  J.  Collier  *  and  A.  Enopf,'  who  describe  both 
lodes  and  placers.  The  typical  cassiterite  is  diss^ninated  in  more  or 
less  altered  granitic  dikes,  essentially  greisen,  comnsting  of  quartz, 
rinnwaldite,  calcite,  and  fluorspar.  In  one  case  the  ore  is  intimately 
associated  with  tourmaline,  and  other  borates  and  borosilicates, 
indading  the  rare  minerals  hulsite  and  pugdte,  are  also  found.  It 
also  occurs  in  veins  which  cut  through  metamorphic  slates — a 
rather  unusual  development.  At  ihe  Cash  mine,  in  Vir^nia,  accord- 
ing to  L.  C.  Oraton,*  tiie  ore  is  in  quartz  veins  in  granite,  the  walls 
of  the  veins  being  converted  into  greisen.  W.  H.  Weed  *  and  Q.  B. 
Kichardeon  *  have  studied  the  tin  deposits  of  the  Franklin  Mountains 

■  Per  dtacoslkng  on  tbg  [cnnh  of  •xatUeitt  Telns,  we  A.  Doobrte,  ^todn  synthMqinn  d*  gMeglt 
•ipMiiHiiWg,  pp.  38-71 ;  J.  H.  L.  Vogt,  Zsltschi.  pnikt.  OtologlB,  1816,  p.  I«,  and  Tiuu.  Am.  Irat.  Km. 
Eng.,val.ai,1901,p.  taSi  BUd  W.  LIndgnu,  Idsm,  vol.  HI,  1900,  p.  STS.  See  also  F.  Ouitlar,  AcM  Boc  scL 
ChOl,  vol.  5,  I8H,  p.  S2.  K.  RKOoiagcl  (Tniu.  0«al.  Soc.  Sontli  JMm,  vd.  13, 1910,  p.  1»)  stMbnlM  Ih* 
Sooth  African  tin  dipcBfts  to  nugniMlo  dMfrsnUBtlCm,  tnd  In  pan  t«  emtMntnrtlmi  br  btcnl  ncnUcD. 

•  Bull.  U.  B.  OmI.  Butts;  No.  229,  IWI;  and  iln  In  Boll.  No.  3K,  t«B,  p.  IM;  BulL  Ko.  3W,  ItOt,  p.  UO; 
Hid  £ng.  and  Hln.  Jour.,  ytA.  70, 1903,  p.  990. 

>  BdU.  r.  8.  G«ol.  SuTTsy  No.  3*6, 1908,  p.  991;  No.  KS,  1908,  and  Eoon.  OmlOEy,  vol.  *,  1909,  p.  lit. 
Bm  tbo  A.  H.  BiDOtai,  Ubwal  R«aoiireiB  U.  S.  fa  1900,  U.  S.  0«ol.  Snrve;,  1901,  p.  X7,  and  Bull.  No.  313, 
1903,  p.  93;  and  E.  Rlckatd,  But  and  Uln.  Jour.,  vol.  7S,  1903,  p.  30. 

•  Bull.  U.  B.  Owd.  8arT>7  No,  901,  IM6,  p.  44.  Sa*  abo  T.  Ulka,  MlnKsl  Boouna  U.  S.  for  IM,  XS.  8. 
OmI.  aantx,  18H,p.  178. 

•  Bull.  U.  a.  Oaol.  avTvtj  No.  ITS,  1901,  and  also  In  Bull.  No.  US,  1909,  p.  110. 

•  Bull.  V.  a.  0«d.  Batvtj  No.  3S£,  190e,  p.  Itfl.  ^ 
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near  El  Paao,  where  the  ore  is  found  in  qu&rtz  under  conditions  which 
Weed  thinks  resemble  those  of  Comwt^.  The  Temeecal  deport,  in 
aouthem  Cahfomia,  as  described  by  H.  W.  Fairbanks/  may  also  be- 
long to  the  class.  The  vein  material  consiste  almost  wholly  of  tour- 
maline and  quartz,  formed  by  gradual  replacement  of  the  granite  walls. 

Another  mode  in  which  cassiterite  occurs  is  as  an  original  con- 
stituent in  pegmatite.  It  is  thus  found,  althou^  scantily,  in  the 
famous  localities  in  Maine  for  Uthia  tourmalines  and  lepidolite. 
The  workable  cassiterite  of  the  Carolina  tin  belt,  accordtog  to  L.  C. 
Oraton,*  is  also  in  p^matite,  none  being  found  in  the  wall  rock. 
Here  again  Hthia  minerals  are  found,  namdy,  Uthiophilite  and 
spodumene.  The  tin  ores  of  the  Black  Hills,  in  South  Dakota,  seem 
to  belong  under  this  heading,  and  the  Etta  mine  especially  is  noted 
for  it^  enormous  crystals  of  spodumene  and  columbite.  In  this 
locality  crystalliae  faces  of  spodumene  are  exposed  which  are  from 
30  to  40  feet  long ;  and  in  the  Ingersoll  claim  a  sin^e  mass  of  colum- 
bite is  said  to  have  weighed  more  than  2,000  pounds.*  Cassiterite 
in  pegmatite,  accompanied  by  corundum,  is  reported  by  P.  F. 
Molengraaf  *  from  Swazieland,  South  Africa. 

The  tin  ores  of  Boliyia  represent  still  another  class  of  associations. 
Cassiterite  ia  masses  resembling  hematite,  and  the  four  sulphosalta 
of  tin,  are  here  found  in  veins  carrying  ores  of  silver,  lead,  and 
bismuth  in  rocks  of  recent  volcanic  origin.  According  to  A.  W. 
Stelzner*  the  rock  is  commonly  dadte  or  trachyte;  but  at  Potosi, 
as  described  by  A.  F.  Wendt,*  the  matrix  is  rhyolite.  The  vdn 
matter  is  quartz,  with  carbonates  and  barite.  In  these  deposits  we 
evidently  have  a  transition  between  l^e  ordinary  tin-bearing  vein 
and  t^e  type  of  vein  characterized  by  silver-lead  ores.  W.  R.  Rum- 
bold,'  who  has  studied  the  Bolivian  deposits,  regards  them  as  of 
pneumatolytic  origin. 

ABSIINIC,  ANTIMONT,  AND  BISMUTH. 

Arsraiic,  antimony,  and  bismutii  are  three  closely  related  elements. 
Arsenic,  from  a  purely  chemical  point  of  view,  is  a  nonmetal;  for, 
despite  its  metaUic  appearance,  it  is  an  acid-forming  element,  and 
only  in  exceptional  cases  does  it  play  the  part  of  a  base.     Antimony 


1  Am.  Jour.  SoL,  Wi  Mr.,  ytl.  4,  IWT,  p.  W. 

>  Bull.  U.  B.  Ocol.  Baivtj  No.  210,  IMS,  and  abo  in  Bnll.  No.  XO,  1W4,  p.  188.  Otlur  papen  on  tha 
Carolina  bait  an  b;  J.  H.  Pntt.  Ufnsal  Rnoonn  U.  S.  for  IVOS,  U.  S.  Oaol.  Bamj.  ^VM,  p.  3JT,  and 
Pntt  and  D.  B.  Btsntt,  Boil.  Nirth  CaroUum  ObuI.  Baivtj  No.  19,  ISH. 

■  Sea  W.  F.  Blake,  Tniu.  Am.  Iiut  Uln.  Eng.,  vol.  13,  ISSfi,  p.  601.  On  tlia  Black  HlUa  mlnea.  Ma  al» 
E.  W.  Claypole,  Am.  0«ok«l>t,  vol.  9,  IBM,  p.  398,  and  J.  D.  IrrtLt,  ProC.  Fap«  U.  B.  Osid.  Surrey  No.  30, 
lS04,p.(». 

•  See  atetraotln  ZallKhr.  prakt.  OMilacte,  IDOO,  p.  IM. 

•ZattBchi.  Deataoh.  gaol.  Oeadl,  ToLW,  189T,  p.  61.  See  alio  1£.  Fiochot,  Annaln  dee  mlnm.  Mil  sv., 
Tin.  19, 1901,  p.  ise. 

•  Tmu.  Am.  Insi.  Itfn.  Eng.,  vol.  10,  istn,  p.  en. 
'  EooB.  0«aUif7,  Tol.  4, 1909,  p.  Sai. 
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ia  more  commonly  acid  than  basic,  but  in  bismuth  the  basic  character 
is  stroDgly  predominant,  except  in  its  sulphosalta. 

All  three  elements  ue  found  native,  and  also  in  many  closely 
related  compounds.  Among  the  latter  the  sulphosalts  of  silver, 
lead,  copper,  and  tin  have  already  been  mentioned,  and  few  ot£eis 
remain  to  be  named.  Berthierite  is  a  sulpbantimooite  of  iron, 
FeSbjSi,  and  lorandite  is  a  aulpharsenite  of  thallium,  TlAsS^ 
There  are  also  a  number  of  arsemdee,  ontimonides,  and  bismutbides 
of  silver,  copper,  nickel,  cobalt,  platinum,  etc.,  which  are  beet  con- 
sidered under  the  several  metals  that  characterize  thena.  For 
present  purposes  it  is  enot^h  to  mention  the  iron  arsenides,  loUingite, 
FeAs,,  and  leucopyrite,  Fe,As„  and  also  the  sulpharsenide,  ajseno- 
pyrite,  FeAsS.  Arsenopyrite  or  mispickel  is  the  most  important 
ore  of  arsenic. 

Native  ars^c,  native  antimony,  (md  native  bismuth  are  all  rather 
common  minerals,  and  with  them  the  arsenide  of  antimony,  allemon- 
tite,  SbAs,,  may  be  grouped.  There  are  also  natural  sulphides, 
selenides,  and  teJlurides,  as  follows: 

Realgar AeS. 

Orpiment AajS,. 

Stibnite Sb^- 

Metastibnite St^. 

Bismuthinite Bi,Si. 

Guanajuatite BijS%. 

Tetradymite Bi,T%. 

Joseite ' BijTa. 

Wehrlite" Bi,Te,. 

Grttnlingita ■...Bi.TeS,. 

Kenneaitfi SbAO. 

Several  of  these  minerals  have  been  produced  artificially.  J. 
Durocher^  prepared  stibnite  and  bismuthinite  by  the  action  of 
hydrogen  sulphide  upon  the  volatilized  chlorides  of  antimony  and 
bismuth.  H.  de  Senarmont*  found  that  when  pulverized  realgar  or 
orpiment  was  heated  to  150°  with  a  solution  of  sodium  bicarbonate 
in  a  sealed  tube  they  dissolved  and  were  later  redeposited  as  crystal- 
lized realgar.  Amorphous  antimony  sulphide,  treated  in  the  same 
way  at  250°,  also  dissolved  and  crystallized  as  stibnite.  The  pre- 
cipitated sulphide  of  bismuth,  similarly  heated  to  200"  with  a  solu- 
tion of  an  alkaline  sulphide,  gave  crystals  of  bismuthinite.  E.  Wpin- 
Bchenk*  obtained  orpiment  and  stibnite  by  heating  solutions  of  arsenic 
or  antimony  with  ammonium  sulphocyanate  to  180°  in  a  sealed 
tube.     According  to  A.  Camot,'  stibnite  and  bismuthinite  are  easily 

I  Formula  appnilQiBM  on]}-.   Bolphur  or  Mlculum  puti;  reidacce  tsllurtiun. 

■  Compt.  Rcmd.,  vol.  32, 1851,  p.  829. 

■  AnoBlea  chlm.  phys-,  3d  Mt.,  vol.  32, 1851,  p.  I2B. 
•  ZeltKhr.  KryK.  Ufn.,  vol.  17, 1890,  p.  407. 

>  Sm  L.  Bourgeois,  Raproduction  utlflciellt  dee  mlniSisnx,  pp.  41, 42. 
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formed  by  passing  hydrogen  Bulphide  at  ft  dull  red  heat  avtir  other 
compounds  of  antimony  or  bismuth.  Realgar,  orpiment,  Btibnite, 
and  bismuthinite  are  all  reported  by  Mayen^n'  as  found  among  the 
sublimation  products  of  a  buruing  coal  mine.' 

C  Doelter*  statee  that  stibnite  at  80°  is  slightly  soluble  in  water 
and  that  recryBt&Uization  from  the  solution  is  also  perceptible.  The 
same  statement  holds  for  arsenopyrite,  FeAsS.  In  several  localities 
the  deposition  of  aisenical  or  antimonial  sulphides  from  hot  springs 
has  been  obserred.  W.  H.  Weed  and  L.  V.  Pirsson*  report  both 
realgar  and  orpiment  from  a  hot  spring  in  the  Yellowstone  National 
Park,  and  Q.  F.  Becker*  found  sulphides  of  arsenic  and  antimony 
in  a  sinter  at  Steamboat  Springs,  Nevada.  In  3,403  grams  of  tiua 
sinter,  aa  analyzed  by  W.  H.  Medville,  were  found  the  following  sub- 
stances : 

SulpUda,  <te. ,  found  in  tbtUr.  Qnuiu. 

Au 0.0034 

Ag 0012 

%S 0070 

PbS : 0720 

CuS 0424 

8b,S,+AB^, 78.0308 

FejO, 3.5924 

The  antimony  sulphide  was  in  the  amorphous,  orange-colored  form, 
to  which  Becker  gave  the  name  of  metsstibnite.  Crystals  of  ordinary 
stibnite  have  since  been  discovered  by  W.  Lindgren*  in  the  same 
sinter,  apparently  of  quite  recent  formation.  The  locahty,  it  must 
be  observed,  is  one  which  yields  mercury,  and  G.  F.  Becker'  has 
reported  stibnite  from  several  quicksilver  mines  in  California.  A 
similar  association  of  stibnite  and  cinnabar  is  found  at  Monte  Amiata 
in  Tuscany;'  and  at  Huitzaioo,  Mexico,  stibnite  occurs  with  living- 
stonite,  kermesite,  baroemte,  and  some  cinnabar  in  a  matrix  of  gyp- 
sum.* Cinnabar  has  also  been  noted  in  the  antimony  mines  of  Cor- 
sica."* According  to  Coquand,"  theantimonyoresatPereta,  Tuscany, 
are  of  solfataric  origin.  This  mode  of  deposition,  which  genetically 
connects  antimony  and  mercury,  may  be  ascribed  to  the  fact  that 

>  Compt.  Bcod.,  vol.  SS,  1S78,  p.  481;  vol.  92, 1881,  p.  SH. 

•  On  the  oondttlcmi  goriming  th*  KmuUim  ol  ocplmaat  sud  nolgu,  m  W.  Boiodowsk;,  BItiungib. 
NaCnrt.  Oodl.  Unhr.  DoipU,  vol.  U,  p.  IN.    Aim  In  Chem.  AbttruKa,  vol.  1, 1907,  p.  1109. 

>  UIiL  pat.  Ultt.,  vot.  11, 1890,  p.  XO. 

lAm.Jooi.  8cl.,3dair.,Tol.l2,]8Bl,p.«01.  At  another  (prlns In  tlu  Park,  Amdd  BviB (Ub™.  toL 
U,  1S8T,  p.  171)  tDund  a  deposit  olM»it)dlta,aa  anaute  of  Inm. 

•  Uoo.  U.  B.  Oeol.  Surrey,  toL  13, 1888,  p.  Sit. 

•  Truu.  Am.  Inat.  Mhi.  Bde-,  tdL  3S,  im,  p.  37. 
<0p.alt.,p.38n, 

•  B.  Lottl,  ZetMdir.  pnkt.  Oeolc«le,  1901,  p.  «a. 

>  J.  a.  AEulltn,  Tnns.  Anu  iDit  Un.  Knf.,  vol,  33, 1103,  p.  807. 
■  Nantien,  AmulM  dM  mlna,  nh  mi.,  vol.  13, 1897,  p.  2tl. 

II  Boll.  Boo.  e«oL  France,  Zd  ler.,  vol.  S,  18«S-I>,  p. «. 
97270°— Bull.  816— 16 44 
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both  metala  form  easily  volatile  compounds,  llie  same  property  is 
shared  by  arsenic,  but  deposits  of  other  than  solfataric  nature  are 
known.  At  least  there  are  deports  in  which  no  indication  of  sol- 
fataric action  can  now  be  discerned.  The  sulphides  of  arsenic  and 
antimony  are  easily  soluble  in  alkaline  solutions,  and  in  tiiat  way 
may  be  transported  to  points  far  distant  from  their  original  ore 
bodies.    The  sulphide  of  bismuth  is  muoh  lees  soluble. 

Stibnite  is  the  most  important  ore  of  antimony.  Its  deposition 
from  solulion  is  in  most  cases  evident,  and  its  alkaline  solutions, 
which  also  dissolve  silica,  seem  to  have  formed  the  typical  oocui^ 
rences,  in  which  stibnite  is  intimately  associated  with  quartz.  It  is 
so  found  in  the  mines  of  Sevier  County,  Arkansas ; '  in  Mexico,  and  in 
Corsica,  where  the  ore  bodies  occur  in  serioitic  schists.  At  Kostainik, 
in  Serbia,  according  to  R.  Beck  and  W.  von  EHrcka,'  the  stibnite  is 
foimd  in  trachyte,  in  graywacke,  and  also  as  replacements  in  lime- 
stone. Arsenopyrite  also  occurs  most  commonly  with  quartz,  oftenest 
in  metamorphic  schiste  and  sometimes  in  serpentine.'  When  «iher 
arsenic,  antimony,  or  bismuth  is  found  in  a  metalliferous  vun,  asso- 
dated  with  silver,  copper,  or  lead,  it  is  usually  combined  with  those 
metals  in  l^e  form  of  sulphosalts. 

By  oxidation  of  the  sulphides,  a  large  number  of  secondary  min- 
erals can  be  formed.     First  of  all  are  the  oxides,  as  follows: 

AisenoKte* Aa,0„  iflometric. 

Claudetito* Ab,Oj,  monocUmc. 

Senarmontito Sh,0,,  isometric. 

Vftlentinite SbjOj,  oiHiotliombic. 

Cervantite SbjOi. 

Bisimte,  or  bismuth  ocher* Bi,0a.3H,0. 

Stibiconite HjSbjOj. 

Bismuth  also  forms  two  basic  carbonates,  bismutite  and  bismnto- 
spheerite,  and  a  rare  oxychloride,  daubr^eite.  The  oxides  of  antimony 
form  important  ore  bodies  at  Altar,  Sonora,  Mexico,*  and  in  Neoco- 
mian  limestone  at  Mount  Hamimat,  Province  of  Constantino,  Algeria.* 
From  oxidation  of  the  sulphosalts,  a  lai^e  number  of  arsenates, 
antimonates,  and  various  compounds  of  bismuth  have  been  derived. 

iBM0.E.W*lt,TnuB.  Am-Inat  B£Id,  Eng.,yol.  S,  ISTS,  p.U;  3.  C.  Biumar,  ^sn.  RapL  Aikanoa 
0«aL  SiiTFajr,  ISSS,  toI.  1,  p.  13ft  and  O.  H.  Adile; ,  Froo.  Am.  PhiKw.  Boo.,  voL  3S,  UB7,  p.  309. 

>  ZcKaehr.  prekt.  0«alogl«,  1900,  p.  33. 

'  On  ttw  usenk  mlna  of  Haetlnp  Connty,  Ootoilo,  see  J.  W.  WbUs,  Bept.  But.  Kbus  Ontario,  1908, 
p.  101.  J.  L.  CovBU  (Eng.  uid  Iflu.  Jour.,  vol.  78,  I8M,p.  las)tiuiI«(x[b«duiBnBiiJ<iinbi«atBTiiitoii, 
Virginia.  FarUMBiitliiiaiiyiiiliuaorNoVBS«i)tla,a»W.  It.  AskwILh, Canadian  Uhi.  Eflv.,  vol.  ao,l«ll, 
p.  173. 

•  Ths  tme  iiiol«oiilar  ntlglxt,  m  shown  by  the  Tspo-  deoaltr.  b  men  proliably  mprMmtsd  by  tlie 
Isimala  AsiOi.    A  similar  doabllng  may  bs  props  for  the  ather  oxlda  abd  lulphldta  ol  Uila  group. 

•OnUieoompi)sftionofbtamathocha,»eW.  T.  ScbBUa,  Join.  Am.  Clisiii.  Soc,  vol.  33,  lSll,p.  103. 

•  E.  T.  Cox,  Am.  Jour.  Sd.,  3d  mt.,  to!.  30,  isao,  p.  421. 

'  Cog:llH)d,  BoU.  Boo.  g<oL  nuMa,  Id  mt.,  toL  »,  t«61-^,  p.  S13. 
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Some  of  these  were  mentioned  in  the  preceding  sections  of  this  chap- 
tar;  others  are  salts  of  calcium,  magnesium,  iron,  or  manganese.  For 
example,  pharmacolite  is  an  arsenate  of  lime,  pharmacosiderite  an 
arsenate  c^  iron,  and  sarkinite  an  arsenate  of  manganese.  Atopite, 
schneebergite,  and  romeite  are  antimonates  of  Lme.  Some  of  these 
compounds,  and  there  are  many  others,  Jnay  have  been  formed  by  the 
action  of  percolating  arsenical  or  antimooial  solutions  upon  carbo- 
nates of  lime,  magnesia,  manganese,  or  iron,  or  upon  hydroxides  of  the 
two  metals  last  named.  There  are  also  arsenates  of  bismuth,  and  a 
teUurate,  a  vanadate,  a  molybdate,  and  s  silicate  of  the  same  base. 
The  strange  mineral  longbanite  is  an  antimonio-silicate  of  manganese 
and  iron;  derbylite  and  lewisite  are  antimonio-titanates  of  iron  and 
lime,  reepectiv^y;  and  msuzeliite  is  a  similar  salt  of  calcium  and  lead. 
Derbylite,  lewisite,  and  tripuhyite,  Fe^bjO,,  are  foimd  in  the  cinna- 
bar-bearing gravels  of  Tripuhy,  Brazil.'  They  were  derived  &om 
mica  schiste,  but  their  association  with  cinnabar  is  suggestive. 

NICKZX.  Ain>  COBAIiT.' 

Among  the  minor  constituents  of  igneous  rocks,  nickel  is  one  of 
tiie  commonest.  Cobalt  also  is  widely  diffused,  but  in  much  smaller 
proportions.*  In  262  analyses  of  igneous  rocks  made  in  the  labora- 
tory of  the  United  States  Qeological  Survey  an  average  of  0.0274 
per  cent  of  nickel  oxide  was  found.  Had  it  been  sought  for  in  all 
cases,  this  figure  might  have  been  slightly  reduced,  but  perhaps  not 
materially. 

Nickel  and  cobalt  are  charact^istic  elements  in  meteoric  irons, 
smd  also  in  terrestrial  irons  of  similar  character.  Indeed,  some  of 
the  "irons"  of  which  analyses  are  given  in  another  chapter  of  this 
book  *  are  more  truly  described  as  native  nickel,  that  being  tJie 
metal  which  predominates  in  them.  Awaruite  and  josephinite  are 
nickel  irons  of  this  kind,  in  which  the  percentage  of  nickel  reaches 
60  or  evwi  more. 

I  Bm  S.  Bamak  and  O.  T,  Frlw,  Ittaatiog.  Hfte.,  voL  II,  ISW,  pp.  80,  in,  303. 

•  Jot  B  gtoend  paptr  opcio  nkAal  uid  its  ocauraun,  ■»  P.  Argall,  PiM.  Cobndo  Bd.  SoCL,  voL  4,  ia«3, 
p.  MS.    A  ODttbjA.  a.  CbarlCon  loUaira  (p.  430)  onCoIonMla  nlCkd  orcB.    On  nkktl  in  Uu  Muia[dd 

0opparihala,iMBuiunl(r,ZallKlii,]>tDtodLgaol.QeBaU.,val.g,lSS7,p.3S,  OnaabaltonsMSdiwebia, 
TliaTli«Ia,BeeF.Boyn!lilii(,ZetMolir.pntt.O«<ilogig,ia>S,p.l.  OnoobiiUbillgiloo,  O.dgJ.CabaUnto, 
Uon.  Boc.  dent.  Ant.  Aliate,  -rot.  18, 1903,  p.  lOT.  O.  Btatnr  (Zoluelir.  pnkt.  Geologie,  1W»,  p.  3tl)  hu 
d(sarlb«dtaarmaUne-b«»1n(a>baltTet[iSBteanJuan,AUcamB,CtiaB.    Th«  ore  la  coMttte. 

■  OnUiawldBdiausbiLafcoNdtUidnleke(lnnatatB,»K.Eiaul,ZelUi:lii.uiEBir.CIianb,lKM,p.lTn 

•Beaaiila,p.  331. 
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The  ores  of  these  metals  fall  into  three  pixocapal  claaaes,  namely, 
sulphides  or  arsenides,  oxides,  and  silicates.  In  tiie  first  eaae  the 
chief  minerals  are  as  follows: 

HUlerito Ni8. 

Beyrichite...- NiA- 

Polydymite' NiA- 

NiccoUte NiAa. 

CUoanttute THiAat. 

BammelBbergito NiAa,. 


GfflsdOTffite NlAsS. 

Pentlaadito* (Fe,Ni)S. 


Smaltite CoAm, 

Safflorite CoA%. 

Skutt«Tudit«  * CoAa,. 

Cobftltite CoAsS. 

Carrdlite Co,CuS, 

Two  other  usenides  of  nickel  have  recently  he&a  described;* 
maucherite  and  temiskamito.  A  careful  study  of  the  two  by  Chase 
Palmer,  however,  has  shown  that  they  are  identical,  and  ^at  the 
true  formula  is  Ni^As,. 

With  these  minerals  We  may  incdude  the  nickd  teQuride,  melonite, 
and  tho  antimonide,  breithauptite,  NiSb.  Ullmannite  is  a  sulphide 
of  antimony  and  nickel,*  NiSbS.  Corynite  and  wolfacJiite  are  mix- 
tures of  a  salt  of  the  last  type  with  the  coTTesponding  salt  NlAsS. 
Glaucodot  is  sulpharsenide  of  oobalt  and  iron,  and  aUodasite  is  sim- 
ilar, but  with  bismuth  partly  replacing  arseoic.  Another  mincaRal  of 
the  formula  NiCoSiSb,  has  been  named  willyaniite. 

Arsenides  and  antimonides  of  nickd  are  known  as  aoddental  fm'- 
nace  products.*  The  crystalline  sulphides  of  oobalt  and  nickel  have 
also  been  repeatedly  prepared  artificially.  H.  de  Senarmont'  heated 
solutions  of  potassium  sulphide  with  nickel  or  cobalt  chloride  to  tem- 
peratures between  160"  and  180°  in  a  sealed  tube,  and  obtained  the 
compounds  NiS,  Ni,S„  and  Co,Sj,  correaponding  to  the  natural  mni' 
erals.  C.  Geitner  '  also  produced  crystals  of  NigS^  by  heating  metal- 
lio  nickel  with  sulphurous  acid  or  a.  solution  of  nickel  sulphite  under 
pressure  to  200°.  £.  Weinschenk*  heated  solutions  of  cobalt  or 
nickel  salts  with  ammonium  sulphooyanate  to  180°  in  a  sealed  tube 
and  so  produced  crystalline  NiS  or  CoS,  respectively.    T.  Hidrtdahl  •• 

1  Tbe  Sndbur?  polydymlte  ta  tw7  nfiorlj  NlgFaSt. 


■  Amthar  nkkel-lron  EulphUe  hu  been  callid  KDiuurtte.  lb  lonnnU  b  umt  roiHlaSt.  StUl  untlw, 
aJdn  to  pentlandlM,  <g  tlig  inoompletet;  doisfbed  hnuleirMidlte. 

1  On  mauchatta,  s»  F.  OriliiUDg,  Centralbl.  HIn.,  OtoL  a.  Ptl.,  IBU,  p.  Z2S.  On  tBrnUmmtU,  T.  U 
Walks,  Am.  Jour.  Bed.,  4thBV.,v(d.  ST,  10M,  p.m.  Palm«r^T<nk  b  In  Eoon.  Ocdoir,  toI.  V,  UI4, 
p,6U. 

I A  similar  au^ihlda,  with  blmiuth  parti;  r^Iaotng  an 

•See  L.  Bocrgeob,  Scprodiuitian  snlflcMle  dM  m' 
ZeltM^.  XjTHt.  Kb.,  Tol.  \2,  UBT,  p.  34,  on  tnlthnipttte. 

T  Annalce  chtm.  Vitya.,  3d  wr.,  vol.  32,  tSU,  p.  12V. 

■  Uabig'a  Aimaloi,  voL  128,  ISH,  p.  WO. 
•  Zeltadir.  KryM.  lOn.,  voL  17,  l»a,  p.  «7. 
uCompt-Hmd-iVoLW,  lS07,p.Tfi.    JalpurlCs  b  abo  known  aa  syqmorlt*.  /■-•  i 
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also  produoed  jsipurite  by  fusing  cobalt  sulphate  with  barium  sul- 
phide and  common  salt. 

These  scanty  data  show  that  the  minerals  of  this  group  may  be 
produoed  in  eitJier  the  wet  or  the  dry  way,  and  their  natural  occur- 
reoces  point  to  the  same  conclusion.  Millerite,  for  instance,  fonns 
beautiful  tuf te  of  slender,  hairlike  needles  in  geodes  lined  with  crys- 
tals of  dolomite.  Speoimens  of  this  kind  are  familiar  objects  to  col- 
lectors of  mino'als.  Millerite  is  also  reported  by  Dee  Ctoizeaux  *  as 
found  in  the  ooal  measures  of  Belgium,  and  he  moitJons  linmeite  in 
ooal  from  Glamo^anshire,  Wales.  On  Out  other  hand,  as  J.  H.  L. 
Vogt  *  has  shown,  the  nickeliferous  pyrrhotites  are  often,  if  not 
always,  distinct  s^regations  from  molten  magmas.  On  this  subject, 
iLOWever,  controveny  still  reigns,  and  especially  with  reference  to  the 
nickel  ores  of  Sudbury,  Canada.  Here  the  ores  are  chiefly  pyrrho- 
tite  with  admixtures  of  pentlandite,  a  certain  amount  of  chalcopyrite 
being  also  present.  The  matrix  is  norite,  although  the  earlier 
obserrers  termed  it  diorite.  Their  magmatio  origin  has  been  advo- 
cated by  R.  Bell,*  H.  B.  von  Foullon,'  T.  L.  Walker,'  A.  P.  Coleman,' 
D.  H.  Browne,^  and  others.  >A.  E.  Barlow,*  for  examjde,  repeatedly 
speaks  of  the  "nickel-bearing  eruptive."  Browne  compares  the 
occurrences  at  Sudbury  with  the  phenomena  observed  in  cooling  a 
copper-nickel  matte,  in  which  the  copper  sulphides  concentrate  along 
the  margins  of  the  mass,  and  the  nickel  sulphides  at  the  center. 
This  arrangement  of  ores,  <dialcopyrite  near  the  wall  reck,  then  pyr- 
rhotite  carrying  nickel,  and  finidly  nickel  sulphide,  is  the  order 
observed  at  Sudbory. 

R.  Beck,*  C.  W.  Dickson,"  and  W.  Campbell  and  C.  W.  Knight," 
on  the  other  hand,  have  aigued  strongly  in  favor  of  a  secondary 
origin  of  these  ores — a  deposition  from  oircnilating  solutions."  A 
similar  view  is  expressed  by  F.  W.  Voit  **  concerning  tiie  nickel  ores 

1  Bull.  Boc.  min.,  vol.  3, 1830,  p.  170. 
■  Zdtschr.  i»mkt.  Oaoloda,  Vm,  pp.  I3t,  SET. 

■BuU.  OtoL  Boo.  Anurks,  vol.  3,lSK,p.l3t.  Anoths papar  by  BsU,  on  Aidbory,  ippms  tn  Aim. 
Btpt.  Oral.  Bnnrsy  Cuiada,  2d  imt.,  to).  9,  F,  13S0-ei. 

•  Jahrb.  E.-k.  geoL  Rah^iiiuuUlt,  vol.  42, 18(0,  p.  22S.  Tba  nlokd  era  ol  Sdiwtldcridi,  Bolumla,  tn 
dacrib*d  u  aoakigDua  to  those  of  Sudbuiy. 

>  Quart.  Joot.  Geol.  8oc,  vol.  sa,  ISOT,  p.  M. 

•  BnlLOaol.  Boo.Ainvla*,v<il.lS,ItM,p.Ul.  InRept.  Oi>tartoBar.lUiiM,l<KM,i>t.l,p.lW,Ci>lgaiui 
IlHBlmgp«p(r(>ntll*"MorlluniNlolnlIUi]s«."  nwr^crtoftluMiiwbiinauIiirtMt.ptS.oiHitatn 
>  moDOcnph  by  Cdmun  oo  tha  Sudburr  ma.  A  lata-  p*p<r  by  CDlaman  la  tn  Jaar.  Otntosj,  voL  tl, 
UOT.p.  TSO. 

I  Scbool  of  Ubai  Qurt,  yoL  10,  \SK,  p.  WI;  and  Eaao.  atbUia>  ToL  I,  MM,  p.  487. 

•  Bcon.  Geology,  "i  1.  IWfl,  pp.  *M,  StS. 

•  Thenatura  of  «e  dapoeita,  Weed'!  tiaulatloii,  p.  41. 

«  Tiaiu.  Am.  luM.  Htu.  Eng.,  Tol.  U,  p.  S,  1904.  Baa  alsajnir.  Canadlaii  llta.  Init.,  toL  B,  IHM,  p.  ISO. 

»Eng.nndlIlii.faiir.,ToL83,  ISOt.p.eOt.  Thca*  autbon  base  Ihalr  opbiltBu  an  the  mlonaaoplo  itnio- 
ton  of  the  pjirhoUta. 

"OthcrmamolniqKniBudbaTyBiiditBcnaanbyl.E.Collbu,  Quart.  Tonr.  Gaol.  Boo.,  toI.44,  18SS, 
p.  834;  J.  Oamier,  HAn.  Soo.  Intfti.  (dTllg  (Trance),  voL  44,  p.  230;  £.  R,  Bush,  Eug.  aad  Ifln.  Jour.,  toL 
G7,  IDH,  p.  MS;  T.  L.  Watkv,  Am.  Jour.  Sd.,  Id  Mr.,  ToL  47, 18M,  p.  B12;  P.  W.  Clarke  ud  C.  CitMt, 
Bull.  U.S.  OKd.  Surrey  No.  64, 1890,  p.  SO;  S  St-Clalr.lCin.andSd.  Praa,TaL10«,l«4,p.l48i  MidL.P. 
SDtv,  Canadba  MIn.  Rar.,  toI.  21,  IBOI,  p.  207. 

u  Jabrb.  E.^  noL  IWdwanMalt,  vol.  SO,  1900,  p.  717.  /  -  t 
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of  Dobschau,  Hungary.  Here  the  arsenides  of  nickd  occur  in  a 
carbonate  gangue  at  or  near  contaots  of  diorite.  At  Mine  La  Motte, 
l£ssouri,  Ibuueite  is  found  with  lead  and  copper  oree  in  bodies  whicb 
C.  R.  Keyee '  describes  as  metasomalic  replacements  in  limestone. 
Small  quantities  of  nickel  are  shown  in  analyses  of  the  adjaceait 
granitee. 

At  ihti  Gap  mine,  in  Lancaster  County,  Pennsylvania,  pynrhotite 
and  chalcopyrite  occur  with  secondary  millerite  in  an  amphiboUte, 
which  J.  F.  Kfflnp '  t-h'Tilts  is  an  altered  gabbro  or  norite.  This 
deposit  Eemp  regards  as  originally  magmatic.  In  the  serpentines 
of  Malaga,  Spain,  according  to  F.  Gillman,'  niccolite  is  found, 
altered  to  silioates  of  nickel  at  the  surface,  but  associated  with  ohro- 
mite  and  augite  in  the  norites  below.  Here  again  a  magmatic  origin 
is  indicated.  The  niokeliferous  pyrrhotites  of  the  BOuthem  Schwan- 
wald  are  regarded  by  F.  Weinsdienk  *  as  not  magmatic. 

Near  Lake  Temiskaming,  Ontario,  an  extraordinary  group  of 
deposits  of  associated  cobalt,  nickel,  arsenic,  and  silver  ores  was 
discovered  in  1903.*  In  tlus  district  native  silver  and  native  bis- 
muth are  found,  together  with  mccoht«,  chloanthite,  smaltite,  miller- 
ite, cobaltite,  ai^entite,  dysorasite,  pyrargyrite,  tetrahedrite,  arseno- 
pyrite,  etc.,  in  relations  which  are  interpreted  by  Miller  as  su^esting 
a  deposition  from  heated  waters,  which  latter  were  "probably 
associated  with  the  post-Middle  Huronian  diabase  and  gabbro 
eruption."  According  to  Miller,  the  deposits  are  analogous  to 
those  of  Annabel^,  Saxony,  and  Joachimsthal,  Bohemia,  which  are 
classical  localities  for  cobalt  and  nickel  minerak.  The  origihal 
source  of  the  Temiskaming  ores  has  not  yet  been  clearly  determined. 
They  may  represent  a  leaching  of  the  accompanying  eruptive  rocks, 
or  they  may  have  been  brought  from  below;  at  all  events,  they  are 
not  igneous  segregations.* 

By  oxidation  or  carbonation  the  sulphides  and  arsenides  of  nickel 
and  cobalt  are  transformed  into  sulphates,  arsenates,  carbonates, 
oxides,  etc.  Morenosite,  NiSO^.THjO;  biebetite,  CoSO^.TH^O;  the 
arsenates,  roselite,  erythrite,  annabei^te,  forbesite,  and  cabrerite; 
the  carbonates  sphaerocobaltite,  zaratite,  and  remingtonite;  the  oxide 
bunsenite;  and  the  hydroxides  asbolite,  heubachite,  heten^enite, 
transvaalite,  etc.,  are  among  those  products  of  alteration.  Bunsenite, 
NiO,  was  prepared  artificially  by  J.  J.  Fbehnen,'  through  the  aclitm 

I  ifiMOUTl  Ocol.  Bnrvay,  nil.  »,  pt.  4,  ISH,  p.  83. 
>  Traoi.  Am.  JsaU  Mbi.  Sag.,  vol,  24, 18M,  p.  620. 
1  Tnus.  Iiut.  Ulu.  and  Mat.  (LraidDD),  vol.  t,  ISW,  p.  lb». 

*  ZdUchr.  pntt  Qtoloeia,  190T,  p.  73. 

'  Sw  tlu  npgrti  b;  W.  O.  Miller,  Rq>t.  Ontario  Bai.  Hlnet,  IKM.pt.  I. p.  96;  IWG,  pt.  2.  Abs  hi  Ri«. 
and  lUn.  Joar.,  ml  It.  1903,  p.  888. 

•  These  una  have  recent];  been  itadled  mlcrnKoplcall;  b;  W.  Campbell  and  C.  W.  Enlght  (Eoai. 
Oeologr.  vol.  1, 19M.  p.  78TJ,  wlia  And  tliat  smaltlla  iras  first  liirmed,  them  nicmlite,  Iben  calclte,  wltb 
eigentlte,  native  aaTsr,  and  lutlTe  bfsnmth  lalar. 

'  Compt  Bend.,  Td.  S3,  isti,  p.  sas. 
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of  lime  on  fused  nickel  borate,  Ferrifirea  and  Dupont^  also  ob- 
tained it  by  heating  nickel  chloride  to  redness  in  a  current  of  steam. 
Neither  process  seems  to  bear  any  close  relation  to  the  observed 
occurrences  of  bunsenite  in  nature.  Asbolite,  or  earthy  cobalt,  is 
an  indefinite  mixture  of  manganese  and  cobalt  hydroxides,  and  has 
some  significance  as  a  workable  ore.*  Hiis  association  of  cobalt  and 
manganese  is  not  imcommon,  and  many  manganese  ores  contain  more 
or  less  cobalt. 

The  hydrous  silicates  of  nickel  form  a  distinct  class  of  ores,  differ^ 
ing  genetically  from  the  sulphides.  They  are  found  in  connection 
with  serpentine  or  other  hydromagneeian  rocks,  and  in  some  instances, 
if  not  always,  they  represent  concefttrations  from  peridotitic  magmas, 
and  especially  from  nickeliferous  olivine.  At  Riddles,  Oregon,  for 
example,  the  parent  rock  is  a  saxonite  or  harzbuigite,  containing, 
as  shown  by  my  own  analysis,'  0.10  per  cent  of  NiO.  The  olivine 
separated  from  the  rock  contained  0.26  per  cent;  and  from  this  min- 
eral the  nickel  silicates  were  doubtless  formed.  Similar  silicate  ores 
are  found  in  North  Carolina;  *  at  Revda  in  tiie  Urals;  at  Franken- 
stein, Prussian  Silesia,  in  aeipentine;  and  at  Mount  Avala,  Servia, 
with  mercurial  minerals.  The  most  important  deposits,  however, 
are  in  New  Caledonia,'  where  asbolite  also  occurs.  Chromite  and  vari- 
om  hydromagnesian  minerab  are  generally  associated  with  the  nickel 
ores. 

These  silicates  are  rarely,  if  ever,  found  as  definite  mineral  species, 
although  they  have  been  described  as  such.  Grenthite  appears  to  be 
H4Mg,Nij(Si04),.4H,0,  and  connarite  is  near  HjNi,Si,Oi,.  An- 
other silicate  from  New  Caledonia,  called  nepouite,*  has  been  given 
the  formula  (NiMg),Si,07.2H,O.  AUpite,  desaulcsite,  gamierite,  nou- 
meite,  pimeUte,  refdanskite,  and  rottisite  are  uncertain  substances, 
mixtures  of  nickel  silicates  with  magnesian  compounds  and  free 
silica.  The  following  analyses  will  serve  to  illustrate  the  variable 
composition  of  these  ores : 


1  B«e  L.  Boargsob,  Reprodactkm  artlflctBUe  da  m 

■  A3  at  ItlDB  LmdoW,  HlBSoarl,  and  In  New  CUodonla.  On  the  New  CUedoab  colialt  oms,  bm  O.  IL 
CcdvoconBies,  Eng.  and  llin.  Joor.,  vol.  7B,  IMS,  p.  SIS,  and  A.  LlTvnldge,  HtnocBla  ol  N<w  Soolli  Waks, 
pp.  27S  «t  Bsq. 

>  r.  W.  darks  and  1.  B.  DlUer,  BuIL  U.  B.  Ocol.  Sumy  No.  W,  1880,  p.  3L  See  abo,  wlOi  RWd  to 
tlita  locality,  A.  R.  Ledoni,  Cansdlui  Ubi.  Rer.,  vdI.7^  lHOl.p.  M;  W.  L.  Aontn,  Proo.  Calende  BcL 
Sue.,  vol.  S,  im/g,  p.  173;  and  H.  B.  tod  FoDlkm,  Jahrb.  Kj-t  gaai.  Rrfcbaaiutalt,  toL  O,  UU,  p.  30. 
VonFoiilkinalndascritMetbedepaKltiatBevda.FniAmaleIn,  Hid  IConnt  Avala.  A  latar  laport  on 
OieBIddWaiea,  b;  Q.  F.  Eay.apptua  m  BuU.  U.  B.  Oeol.  Sury«y  Mo.  SU,  1907, p.  UT). 

•  BeeH.  J.  Blddla,  IftDeralRcoDDTcaU.  e.  fbrlgse.U.  B,  Geol.  Saner,  18S7,p.  170.  Tbe  moQisr  loek 
tunladimlte.  Sceabo  A.  E.Barlo«,Ii>nr.  Caiiadl*iillliLlii3t.,T<il.fl,  IMO.p.SO).  Barlawngardatluaa 
one  ai  ionoed  by  Uie  laachlng  ol  Uie  perldotlte. 

'  Bee  A.  Llvanldge,  Uluenls  of  N'sw  Soutli  Wales,  p.  2TS;  1.  OarnlBr,  Compt.  Reod.,  ToL  88, 1878,  p. 
SB4:  D.  Levat,  If «m.  Assoc,  trace,  av.  sel. ,  1S8T,  p.  EM;  and  F.  D.  Powa,  Tntns.  Imt  Mb.  Uet.,  vol.  8, 
UKO,  p.  437.  Liveraldge  gives  aevenl  analyses  of  gamlerlla  and  noumalla.  Bee  also  J.  B.  LeokJe,  lour. 
Canadian  ICio.  Inst.,  vot.  S,  IM3,  p.  189. 

•  E.OlaB<i,Compt.BeDd.,ToLU3,U0e,p.U73.    AlioAimaleidaimliiiea,10thsv.,YDL4,UU,p.l«. 
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Anal]i»t*  qfiudcel  nJiootei. 


A.  nwiIUddlBi,OiiBtoa.   Amlrihbr  >'- V-<3uke,fiiilLn.B.  QaoLBiimrMo.  «a,igM,p.21. 

B.  FruuRlddlM.   AiiilyilibyHaod,lIliMcalB«parc«U.B.teue,U.S.OcDl.Biirv«y,lsg3,p.401. 
Frobablr  thli  mnpU  wu  ditod  at  01  iMar  100*  b«tee  aiulyifaiK. 

C,D,E.  PmnNewCUadanlk.   AmitTMifaj' A.IJ««iddsa,]lhMnlialKaw  Bmilh  Wkki,pp.3Tfi-^S0. 


Lhttddfi  ftm  M  ■nilTM  In  >U,  Inohidliv  Muml  l>r  LdUu. 
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44.73 
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10.56 

,8.87 

6.9» 

40.65 

29.66 

21.70 

^    7.00 

48.26 

}   .» 

14.60 
16.40 
10.96 
8.82 

38.36 
.40 
.16 

32.52 

10.61 
6.44 

11.63 

AjZ""; ::: 

M^'""v;::::::::::::::::::::::::::: 

MgO                                                  -  . 

99,90 

100.24 

99.67 

loaoo 

100.00 

In  one  respect  all  the  (ves  of  nickel  seem  to  agree.  Their  m^matic 
Bssociate  ia  always  a  aubsilicic  rock,  such  as  norite,  peridotite,  or 
sometimes  diabase  or  diorite.  In  no  case  are  tiiej  clearly  shown  to 
have  originated  from  persilicic  magmas. 

CHBOMIUM. 

Like  nickel,  chromium  is  viddy  diffused  in  the  subeilicic  rocks, 
the  average  proportion  found  in  256  analyses  of  igneous  rocks  in  the 
laboratory  of  the  United  States  Geological  Survey  being  0.05  per 
cent  of  Cr,0,.  The  native  metal  has  not  been  found,  nor  are  any  ter- 
restrial sulphides  of  chromium  known,  although  the  mineral  dauhr6e- 
lite,  FeCr^(  occurs  in  some  meteoric  irons.  The  one  important  ore 
of  chromium  is  chromite,  or  chromic  ioron.  There  are  also  the  lead 
chromat^,  mentioned  in  a  previous  section  of  this  chapter;  the  two 
sulphates  knoxvilhte  and  redingtonite;  and  the  silicates  represented 
by  chromiferous  garnet,  diopside,  mica,  and  tourmaline.  The  clay- 
lUce  siHcates  avalite,  milosin,  and  alexandrohte  also  contain  chromium 
as  an  essential  constituent.'  I^etzeite,  from  the  Chilean  niter  beds, 
is  an  iodate  and  chromate  of  calcium.  Of  all  these  epeciee  chromite 
alone  needs  any  further  consideration. 

In  the  chapter  upon  rock-forming  minerals  chromite  was  described 
as  a  member  of  the  spinel  group.  Its  ideal  f  onnula  is  FeCr,Ot,  but  it 
rarely,  if  ever,  is  found  in  a  state  of  even  approximate  purity.  It 
commonly  contains  isomorphous  admixtures  of  other  spinels,  whose 
presence  is  revealed  in  the  an^yses.  The  following  examples  will 
serve  to  illustrate  its  variations:' 


.y  Google 
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Aiu^iei  of  chromite. 

A.  TnimPrle*Ci«^NcrthCBTDlliia.    Aiulysla  b^  C.  BaskcrviUe. 

B.  From  Csnodom  HDl,  Ncrth  CaroUna.    BaskcrrUle. 

C.  Fnm Canmdnin HOI.   Amlystoby  T.  U.Ctuttard,  tattulabaaMyoltlwUiittodBtttMOtologkml 

D.  Rom  Wttarta-,  Nnth  CarolllM.   JUudrsli  by  H.  W.  Toots.   Varictr  named  mKeluUltii.    ForA,B, 
and  D,  M*  1.  EL  Fiatt  and  I.  V.Lnrti,Nvtb  Cwidliuia«oL  Surrey,  vcd.  1,^309, 1S06.    HagnachnimttB 


Deutsdi.  geoL  QtatU..  vol. «,  p.  GO,  19BC 
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42.90 
.84 
.16 
.40 
2.81 
1.40 
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39.95 
29.28 
13.90 

Ato;:;\:::"'::y'::::::::::::::;:::: 

FeO 

4.42 

6.22 

17.31 

^ :'::::::■::::::::::::::::::: 

3.20 

i'eo 

^S : :::::;:::::;::::: 

99.91 

99.41 

100.64 

100.44 

ioa2o 

Chromite  was  first  produced  artificially  by  J.  J.  Ebelmen,'  who 
fused  chromic  oxide,  ferric  oxide,  and  boric  oxide  together,  with  a 
little  tartaric  acid  added  to  reduce  the  iron  to  the  ferrous  state.  By 
adding  small  amounts  of  alumina  and  magnesia  the  composition 
of  the  product  was  made  to  vary,  like  that  of  the  natural  mineral, 
J.  Clouet*  also  prepared  chromite  by  essentially  the  same  process, 
only  with  trifling  differences  in  detail.  S.  Meunier  *  obtained 
chromite  by  oxidizing  an  alloy  of  iron  and  chromium,  and  suggested 
that  such  an  alloy  might  be  brought  up  from  great  depths  and 
oxidized  by  vapors  near  the  surface  of  the  earth.  There  is  no  direct 
evidence,  however,  to  show  that  such  an  alloy  exists  in  nature,  and 
the  common  presence  of  chromite  in  meteorites  indicates  a  different 
origin  for  the  mineral. 

Chromite  is  almost  exclusively  found  in  subsilicnc  rocks,  such  as 
peridotites  and  the  serpentines  derived  from  them.  Its  occurrence 
in  placers  as  a  detrital  mineral  is  of  course  not  excluded  by  this 
statement.  It  ia  distinctly  a  magmatic  mineral,  as  Vogt  and  otliers 
have  shown.* 


laUtry- 
<»,p.W) 
H.  Pratt 


•  Gnnpt  BcDd.,  nL  UD,  18M,  p.  ta*. 

•  Sea  J.  R.  L.  Vogt,  Zeltadir.  prakt.  Oeologto,  18M,  -wUh  tpwdal  rehf 
dvnmltoat  Eraabatb,  BtyTla,aee  F.  Ryba,  Idem,  1000,  p.  3ST;mdlii  Aai 
p.210.  R.  HeliiihaAat(Uln.IaifaMry,U96,p.«4)daaorBNaADBtrlHi1 
lanl,seeW.Ql(nn,TiMiiLAm.i:iBt.lCfaLEii(.,TaL2S,UM,p.4Sl;and« 
taBavati(«eiithAim.Rept.D.B.Oeid.8nrrey,pt.l,iaR(l,p.2ei.  U.  Penbale  (HI 
ibodiactlbeaCMiadienehrointte.  Tbe  ohromlle  of  Nerlli  Cvotliui  !■  dhouaaed 
;oDr.SeL,Uba<r.,  Td.7,p.2gl;  and  Traii8.Ani.  lusL  Utn.  £iis.,TaL2»,lgm,p.  I 
ud  J.  V.  Lewti,  N<ith  Caralfayt  OeoL  Snrrer,  toL  1,  ItOG,  p.  SM. 
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MOIiYBDENTJM  AND  TITNOSTEN. 

Although  molybdenum  and  tmigsten  are  members  of  the  same 
elementary  group  with  chromium,  their  geologic  affinities  are  not 
the  same.  Chromium,  aa  we  have  seen,  is  found  characteristically  in 
subsilJcic  rocks,  while  molybdenum  and  tungsten  are  commonly  asso- 
ciated with  granite.  Keither  metal  is  found  free  in  nature,  nor  is 
either  one  widely  diffused. 

The  principal  ore  of  molybdenum  is  the  sulphide,  molybdenite, 
MoS}.  The  molybdate  of  lead,  wulfenite,  has  already  been  described. 
Calcium  molybdat«,  poweUite,  is  a  rare  mineral,  and  natural  molyb- 
datee  of  cobalt  and  magneaum  are  imperfectly  known.  Molybdic 
ocher  is  a  common  oxidation  product  of  molybdenite.  It  is,  as  ^own 
by  W.  T.  Schaller,"  a  hydrous  ferric  molybdate,  Fe,(MoOJ,.7iH,0. 

Artificial  molybdenite  has  been  prepared  by  A.  de  Schulten.* 
Potassium  carbonate  was  fused  with  sulphur,  and  molybdic  oxide  was 
gradually  added,  in  successive  portions,  to  the  melt.  Crystals  of 
molybdenite  were  thus  formed.  PoweDite,  also,  has  been  made  by 
L.  Michel,'  who  heated  sodium  molybdate,  calcium  chloride,  and 
sodium  chloride  tt^ether.  A  little  sodium  tungstate  was  added  to 
the  mixture,  in  order  to  reproduce  more  exactly  the  natural  mineral, 
in  which  some  tungsten  is  found. 

As  a  rule,  molybdenite  is  a  fairly  pure  compound,  althou^ 
Michel  *  has  described  a  variety  containing  28.37  per  cent  of  bismuth. 
It  was  evidently  a  mixture  of  molybdenite  with  biamutbioite.  Bis- 
muth is  a  not  infrequent  associate  both  of  molybdenite  and  of 
wolfram. 

At  Crown  Poiot,  Washington,  according  to  A.  R.  Crook,'  large 
quantities  of  molybdenite  are  found  in  a  quartz  vein  in  granite.  At 
Cooper,  Maine,  as  desoibed  by  G.  O.  Smith,*  the  molybdenite  is 
found  in  pegmatite  dikes  and  also  in  the  adjacent  granite.  It  may 
be  either  an  original  mineral  or  an  impr^;nation;  probably,  says 
Smith,  the  latter.  In  Canada  molybdenite  occurs  imder  a  variety 
of  conditions,  often  in  granite,  but  also,  according  to  J.  W.  Wells,' 
in  veins  cutting  limestone,  and  associated  with  pyroxene,  calcite, 
quartz,  mica,  pyrite,  etc.  The  mineral  was  found  embedded  some- 
times in  pyroxene  and  sometimes  in  pyrrhotite,  and  WeUs  further- 
more reports  it  in  veios  through  pyroxenite.  The  nature  and  origin 
of  these  unusual  associations  remain  to  be  determined.  They 
probably  represent  contact  metamorphism. 

1  Am.  Jour.  BoL.lUi  lar.,  vol.  29,  U07,  p.  »7.  Wok  dona  In  the  loboraMr;  of  the  UoHad  SUba  Geo- 
logicel  Surva;. 

>  QeoL  FCrsn.  FSriundL,  ToL  11, 1880,  p.  ttl. 

>  BuU.  fioc.  mlD.,  vd.  IT,  ISM,  p.  012. 
•Idem,  vol.  32,  lae»,p,  20. 

>  Bull.  Oaol.  Soc  AioeckK,  vd.  U,  19D4,  p.  ISL 
•  Boll.  U.  6.  Oeol.  Survey  No.  380,  igoi,  p.  IBT. 
'  Canadim  I£ln.  Rbt.,  vol.  32,  isoa,  p.  lU. 
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The  ores  of  tungsten  are  by  no  means  numerous.  In  addition  to 
stobdte,  which  was  mentioned  among  the  ores  of  lead,  there  are  the 
tungstate  of  iron,  wolframite,  or  ferberite  when  the  compound  is 
entirely  free  from  manganese;  t^e  tungstate  of  manganese,  hQbner- 
ite;  calcium  tungstate,  scheelite;  the  copper  salt,  cuprotungstite;  and 
an  alteration  product,  tuugatic  ocher.  Of  these,  wolframite,  hOb- 
nerit«,  and  scheelite  are  economically  imiportant,  and  all  three  have 
been  prepared  artificially. 

N,  S.  Manross  '  obtained  scheelite  by  fusing  sodium  tungstate  with 
calcium  chloride.  A.  Cossa '  also  prepared  it  1^  fusing  the  amor- 
phous compound,  CaWO,,  with  common  salt.  H.  Debray '  heated 
amorphous  calcium  tungstate  with  lime  in  a  current  of  gaseous  hydro- 
chloric acid,  and  bo  effected  its  crystallization.  He  also  heated  a  mix- 
ture of  tungstic  oxide  and  ferric  oxide  in  the  same  gas,  forming  in 
that  way  both  wolframite  and  magnetite.  Some  of  the  tungstic  acid 
crystallized  at  the  same  time.  A.  Geuthw  and  E.  Forsbeig*  pro- 
duced wolframite  and  its  manganesian  varieties  by  fusing  sodium 
tungstate  with  ferrous  chloride,  or  with  the  mixed  chlorides  of  iron 
and  manganese.  L.  Michel,*  by  fusing  sodium  tungstate  and  sodium 
chloride  with  the  chlorides  of  calcium,  manganese,  iron,  or  lead, 
obtained  scheelite,  hQbnerite,  wolframite,  and  stolzit«,  respectively. 

Wolframite  is  a  frequent  companion  of  tin  ores,  especially  in 
greisen,  the  cassiterite  and  tiie  tungsten  minerals  having  developed 
in  much  the  same  way.  In  the  Cornish  tin  mines  wolframite  is  an 
annoying  impurity,  and  it  also  occurs,  according  to  J.  D.  Irving,*  in 
the  Etta  tin  district  of  the  Black  Hills.  Near  Lead  City,  in  the  same 
region,  however,  Irving  found  wolframite  in  magnesian  limestone, 
where  it  had  apparently  been  formed  by  metasomatic  replacement. 
This  occurrence  was  secondary,  the  primary  wolframite  being  found 
in  quartz  veins  cutting  granite  rocks.  At  Osceola,  Nevada,  habnerite 
is  abundant,  with  some  scheelite,  in  veins  of  white  quartz  in  a  porphy- 
ritic  granite.'  The  Tungsten  deposits  of  the  Dragoon  Mountains, 
Arizona,  pre  of  the  same  character,'  the  ore  being  principally  hQb- 
nerite, with  scheelite  andsome  wolfram.  The  timgsten  mine  at  Trum- 
buU,  Connecticut,  where  wolframite,  scheelite,  and  tungstic  ocher  are 
found,  has  been  described  by  A.  Gurlt  *  and  W.  H.  Hobbs.*"    In  the 

1  Lieb^'s  Annalan,  vol.  81, 1BS2,  p.  143. 

■  CiM  by  L.  Boiui;«ola,  Rtvindnctlon  artUleMt  dM  mlntrain,  p.  tTl. 
•Compt.  Raod.,  voL  Si,  1863,  p.  287. 

<  LiablTi  iJUUtln,  voL  130,  ISSI,  p.  370. 

>  Bull.  Soc.  mln.,  vcL  1,  ISn,  p.  113. 

•  Tniia.  Am.  InatUtn.  Eng.jTol.  Sl.lSOliP.tSS.  Swalso  J_D.IrTinf;uid8.  F,  EmmcDS,  ProT.  Fqwr 
U.  B.  aaoL  Baivaj  No.  3e,  1<I04,  p.  1S3. 

'  Bet  F.  B.  WeakB,  Twonty-flirt  Ann.  Rept.  U,  8.  0ml.  Barmy,  pt.  a,  IWl,  p.  aiB;  and  F,  D.  Smith, 
Eng,  and  l£tn.  Icrar.,  vol.  73, 1»02,  p.  304. 

■  Bea  W.  F.  Blaka,  Trans.  Am.  Inst.  Wd.  Ene.,  vol.  28,  ISSS,  p.  643,  tod  F.  Elokard,  Ei%  and  Kb).  Jour., 
vol.  TS,  1904,  p.  3S9. 

■  Tnm.  Am.  Inst.  HIn.  Eng.,  toL  33, 18BR,  p.  13S. 

UTvanty4«aaidAnn.Bipt,D.  8.  QKil.  Eiirvey,pt.!,  lW>3,p.U.  /^^  i  ^ 
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Sierra  de  Cordoba,  Argentina,  according  to  G.  Bodaibender,'  the 
wolframite  is  again  in  quartz  veins  in  granite,  and  molybdooite  is 
sometimes  present  also.  These  illustrations  of  tungsten  occorrenoes 
are  ample  for  present  purposes.  . 

THE  PIiATINTTM  METAI.S. 

The  metals  platinum,  iriditmi,  osmium,  palladium,  rhodium,  and 
ruthenium  form  a  well-defined  natural  group  of  eJements,  iriiich  are 
found  associated  with  one  another,  and  in  less  degree  with  iron, 
nickel,  chromium,  ^tc.  With  two  exceptions  the  platinum  metals 
occur  native,  or  in  alloys,  whidi  vary  much  in  composition,  and  have 
received  many  specific  names.  The  two  exceptions  are  laurite, 
ruthenium  sulphide,  RuS,;  and  sperrylite,  platinum  arsenide,  PtAs,. 
The  native  metals  and  recognized  alloys  are  as  follows: 

Native  pl&tmum. 
Native  iridium  and  platiniridiuiii. 
Native  palladium,  isometric. 
ADopalladiuin,  rhraatxAedial. 
Iridoam'   JN*^y">*^'*i  *>^^  **  P^  '^*°*'  ^^ 
^Siseiakit«,  30  per  cent  Ir,  or  leee. 
Palladium  gold.* 
Khodium  gold.* 

The  list  might  he  extended  by  subdivision,  but  the  increase  in 
names  would  be  meaningless.  The  following  selected  analyses  fairly 
represfoit  the  great  variations  in  native  platinmn:  • 

■  ZattaAr.  pnkt.  Oaolo^e,  18H,  p.  WO.  On  the  tongiMi  MM  <il  CiMonda,  Ma  W.  Uodgnai,  E«n. 
aacUcgy,  y<A.  3, 1107,  p.  tlS3,  aad  R.  D.  aacega,  Flnt  Bi^t.  Colcndo  OeoL  BaiTty,  IWS,  p.  7.  On  I'^f"' 
daposlts  In  ths  Cteur  d'Alcne  rcgloD,  Idaho,  MB  H.  S.  Aueitadi,  Biig.  and  Ubi.  Joor.,  tdL  St,  U08,  p.  IML 

■  Sag  sectlfn  m  gold,  siil«,  p.  644. 

•BMJ.F.Xemp.BQU.  U.  9.  Oa)LSiirv9Ho.l«8,19a3,lDrafiilloiillKtIim(4aiulyMa,ba(h<^pl(llnini 
■DdhldoanliM.  Othv  snalTSca  b;  W .  J.  Uartln,  Jr.,  wear  In  Bixttcoth  Ann.  Rcpt.  U.  8.  OcoL  Sarvaj, 
pt.l,lMe,p.  tSS.  Sflaako  Dana's  B;iMnlo(m]iinkig7,etb«d.,  pp.  M,J7.  Steaxtaotiy^aulTJTi^aa 
platinum  byL.  I>aparc  and  H,  C.  Holti  nra  la  Ufa.  pat.  Uitt,  tdL  2B,  UIO,  p.  4W.  a.  F,  UaniU  (Prsc 
Nat.  Acad.,  voL  1,  IMS,  p.  42t)  raports  tlia  pneanoe  ol  Pt,  Pd,  It,  and  Bn  In  meUaritn. 
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Analyiet  o/nottve  platinum. 

A.  nomChoM, Colombia.  Aii«lyilBb7H.B«bit»Clalrcl>aTll]euidH.I>et>ny,  AiiittlMdiim.ph)v., 
M  as.,  VOL  M,  im,  p.  44». 

B.  Fnim  CaUfcnkltt.   DavlDa  and  I>et«Bf . 

C.  Nugget tnmd DOT  Flattibuis,  New  York, ofMpcrccDtchromlta and MptrocatnuteUlDpbtfnam. 
Analyiboftliaplatlimmby  P.  ColUa-.Am.  Jonr  B<d.,3da«.,vo1.  SI,  1881,p.  in. 

D.  From  Illttanl  TagDsk,  Urab,  DmUte  and  Dato^. 

E.  From  Nlilml  Tagllsk,  blackbh  magnotic  grains.    AiBlrib  br  J.  v 
aaoDslr  aDDl«d  aa  ICImflilii) ,  dtad,  wltli  othtr  tmalran,  1)7  N .  TC 
Boaatands,  voL  S,  ISU,  p.  ISS. 

F.  araiiHe  Cmk,  BrUIah  Cahunbla.    NtaiinagiwUo  ptrttm  of  sampls.    Anal^aJs  b;  Q.  C.  H 
Itani.  Boy.  Boc  Canada,  toL  S,  sec.  3,  p.  IT. 

O.  UagnatlopaTtlcuoIF.    Aualyafa  by  B  ' 

B.  FTom  CoDdadQ,  Mtoas  Qaracs,  Brufl.  AnalTsb  by  B.  Husnk,  Zeltadu-.  prakt.  Oaologle,  1906,  [ 
384.  Fx  a  papur  by  Huank:  on  ptatlmim  and  palladium  In  Braiil,  aaa  Sltmngab.  Akad.  Wlm,  tdL  11! 
Abth.  1,1904,  p.  379. 
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In  tmotJiOT  sample  of  Uralian  platinum,  A.  Teifeil'  found  0.75 
per  cent  of  nickeL  A  remarkable  nu^et  from  the  river  Approuague, 
French  Guiana,  gave  A.  Damour  *  41.96  Ft,  18.18  Au,  18.39  Ag,  and 
20.58  per  cent  Cu.    This  sample  is  alt(^ther  exceptional. 

The  subjoined  analyses  are  of  native  iridium,  platiniridinm,  and 
iridosmine. 

>C<ovt>B«ad.,voLSi,lSn,p.  IIU.  '  Idam,  ToL  £3, 1861,  p.  SBg. 
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Ana^/ttt  of  native  iridium,  etc. 

A.  NrtlvtlrUIiim.    Ntitiiit  TafHik,  Oreh. 

B.  Pbtbilildliini,  intialily  from  BnuIL    Aiuljain  A  and  B  by  9vuib«ri, 

u.  vat,  p.  a». 

C.  IrJdoomliw  (Torn  CokimbI&. 

D.  IridoRnliw  from  tba  Vnta. 

E.  Irldnainlne  from  theUnK   Analjsu  C,  D,aiul  B  b;  DcrlUsaad  I>clasj, 
Btr.,  vol.  M,  ISHi.pp.  (SI,  4ra. 


Bcnallm's  Jabnab., -vot 
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The  indefinite  character  of  these  natural  alloys  seems  to  be  per- 
fectly evident. 

The  platinum  and  iridosmine  of  commerce  are  almost  entirely  from 
detrital  or  placer  deposits,  but  their  primary  geologic  affinities  are 
subsilicic.  That  is,  the  ores  are  associated  with  chromite  and  other 
products  of  the  decomposition  of  peridotic  rocks,  from  which  they 
were  undoubtedly  derived.  Chromite  has  been  repeatedly  observed 
adherent  to  or  taterpenetrating  platinum  nuggets,  and  A.  Inostran- 
zeS '  has  reported  platinum  in  place  in  the  dunite,  or  rather  serpen- 
tine, of  Mount  Solovief  in  t^e  Urals.  On  the  Tulameen  River, 
British  Columbia,  according  to  J.  F.  Kemp,'  the  mother  rock  is  also 
dunite,  and  grains  of  platinum  are  found  with  both  chromite  and 
olivine  adhering  to  them.  Even  the  serpentine  of  this  region  yields 
traces  of  platinum  upon  careful  assay.  The  black  sands  of  the 
Pacific  coast,  from  British  Columbia  southward  to  California,  contain 
platinum,  and  abo  iridosmine,  and  their  oiigin  is  peridotic*  Accord- 
ii^  to  H.  Bancroft,*  platinum  is  found  in  certaid  peridotite  dikes  in 
Clark  County,  Nevada.  On  the  other  hand,  L.  Duparc,'  who  has 
devoted  much  study  to  UraUan  platinum,  reports  its  association 
with  pyroxenite  and  gabbro. 


AlKltf: 
platinum. 

•  SwD.  T.  Dar,  NbuUsiUi  Ann.  BapL  V.  B.  ( 
Biehards,  BuU.  U.  S.  Gtol.  Saner  Ko.  385, 1M6,  p 
709,  Day  baa  B  mmofr  on  platinum  tn  Ncrth  Amoicn. 

•  BulL  n.  B.  Oaol.  Surrnr  No.  130, 1S10,  p.  in. 

>  ATCh.  Sd.  phys.  nat.,  4tli  aa.,  toI.  30, 1810,  p.  BTS;  and  Tol.  II,  1911,  p.  911.  AD  tarllar  maaob  by 
Duparo  Is  In  tdL  U,  1S03,  pp.  187,  >77,  whidi  Inelndn  a  biblingrvbr  of  TJralbQ  Iriatlnnm.  Baa  alao  A. 
SaytHfl,  Zelt3t!br.prekt.aK>lagla,  laas.p.  395;  C.W.  PuitDslon,Traiu.  AiiLliist.l[fa.BB|.,VoL%UOt^ 
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A.  Daabrde,^  many  jetas  ago,  commenting  upon  the  constant 
association  of  platinum  witb  oliTine  rocks  and  chromite,  pointed  out 
the  similarity  of  these  rocks  to  meteorites.  Much  later,  J.  M.  Davi- 
son '  announced  the  presence  of  platinum  and  iridium  in  the  meteoric 
iron  of  Coahuila.  Still  more  recently,  S.  Meunier*  has  discussed 
this  Telationship  at  some  length,  and  aigued  that,  contrary  to  the 
usual  view,  the  native  platinum  and  iron  of  these  rocks  ar«  not  mag- 
matic,  but  are  introduced  as  vaporized  chlorides  and  subsequently 
reduced  by  heated  hydrogen.  This  mode  of  introduction  and  depo- 
sition Meunier  reproduced  artificially,  but  the  application  of  the 
experiments  to  meteorites  is  not  quite  dear. 

In  a  number  of  cases  platinum  hasbeen  detected  in  sedimentary 
or  metamorphic  rocks.  Kemp  *  mentions  its  occurrence  in  certain 
Pennsylvanian  shales,  and  states  also  that  the  palladium  gold  of 
Brazil  is  sometimes  associated  with  itabirite.  E.  Hussak  *  found 
palladium  gold  in  a  contact  limestone,  and  reports  the  platinum  of 
Brazil  not  only  from  olivine  rocks,  but  also  from  a  conglomeritic 
quartzite.  According  to  J.  B.  Jaquet,*  platinum  occurs  near  Broken 
Hill,  Australia,  in  ironstone,  ferruginous  claystone,  and  decomposed 
gneiss.  It  is  also  said  to  be  present  in  the  ash  of  certain  Australian 
coals.'  F.  Sandbeiger '  identified  platinum  in  limonite  nodules  from 
Mexico.  In  an  altered  limestone  lens  in  Sumatra,  L.  Hundeshagen  * 
found  platinum  up  to  6  grams  per  metric  ton.  The  metal  was  in 
woUastonite,  which  formed  from  85  to  88  per  cent  of  the  rock,  with 
12  to  14  per  cent  of  grossularite.  Hundeshagen  regards  t^i>i  occur- 
rence as  due  to  the  introduction  of  hot  solutions  containing  gold, 
silver,  and  platinum  into  the  metal-bearing  rock.  Natural  solutions 
of  platinum,  however,  do  not  appear  to  have  been  observed;  and  its 
solubility  in  natural  solvents  is  undetermined.  Possibly  the  plati- 
niferous  quartz  from  the  south  island  of  New  Zealand,  recently  de- 
scribed by  J.  B.  Bell,*"  had  a  similar  origin.  The  quartz  veins,  how- 
ever, were  near  altered  magnesian  erupUvee,  in  which  no  platinum 
was  found. 

The  occasional  presence  of  platinum  in  sulphide  ores  has  long  been 
known,  although  it  has  attracted  serious  attention  only  within  recent 

1  Compt.  R(Dd.,  Tol.  80,  ISTB,  p.  707. 

•  Am.  loot.  BcL ,  Ith  scr.,  toI.  7, 180S,  p.  i. 

•  Compt.  rand,  vn  Cons.  eM.  luMnat.,  IWT,  p.  157. 

•  BnU,  U.  B.  OmL  Bnrnr  No.  IIS,  IW. 

I  Ztttada.  Kryst.  iUD.,  vol.  U,  ISOt,  p.  3M. 

•  Rn.  0<al.  Surrey,  Nev  South  WbJm,  vol.  S,  IBM-1888,  p.  33.  Sea  alia  T.  C.  H.  Ulngsys,  Aim.  Rept. 
Dspt.  lUna,  Saw  South  Wain,  183B,  p.  240. 

'  Sm  8«veiit«nth  Ann.  Bept.  V.  8.  OaoL  Sanay,  pt.  3, 1806,  p.  2S1. 

•  Nbu«»  Jabrb.,  1875,  p.  (H6. 

>  TnDa.  Imt.  Uin.  and  Hat.,  vol.  13, 1M)3~1,  p.  E». 
'•Boon.  Oaolofj,  vol.  1,  ltOS,p. T4B. 
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years.  B.  Gueymard'  found  it  in  tetrabedrite,  in  a  gangne  of  dolo- 
mite, quartz,  and  barite,  at  Chapeau  Mountain,  in  the  French  Alps. 
The  country  rock  was  a  metamorphic  limestone.  H.  Roealer  *  de- 
tected both  platinum  and  palladium  in  silver  bullion ;  and  H.  V<^1  * 
reports  its  presence  in  the  metallic  ores  of  Boitza,  lYansylrania. 
Much  more  striking,  however,  is  the  presence  of  platinum  in  the 
sulphide  ores  of  Sudbury,  Canada.  Here  it  is  found  as  the  arsoiide, 
Bperrylite,*  associated  with  nickeliferous  pyrrhotite  Euid  chalcopyrite, 
but  most  intimately  with  the  latter.  F.  W.  Clarke  and  C.  Catlett,' 
however,  showed  its  presence  in  massive  pcJydymite.  At  the  Ram- 
bler mine,  in  Wyoming,  both  platinum  and  palladium  are  found  in 
oovellite,  in  ores  derived  from  diorite.*  Here,  also,  sperrylite  has 
been  identified.^  At  this  locality  paUadium  appears  to  he  more 
abundant  than  platinum,  but  its  mode  of  combination  is  as  yet  unde- 
termined. Sperrylite  has  furthermore  been  found  by  J.  Catharinet  * 
in  the  pegmatite  of  Copper  Mountain,  British  Columbia.  One  small 
crystal  was  embedded  in  biotite.  Platinum  is  also  present,  according 
to  C.  W.  Dickon,*  in  chalcopyrite  from  the  Key  West  mine,  Bunker- 
ville,  Nevada;  but  sperrylite  could  not  be  detected.  J.  H.  L-Vi^" 
found  platinum  to  be  present  m  the  nickeliferous  pyrrhotites  of  Nor- 
way, and  R.  W.  Brock  "  discovered  traces  of  it  in  sulphide-bearing 
quartz  at  the  Mother  Lode  claim,  Yale  district,  British  Columbia. 
These  occurrences  have  led  to  much  searching  after  platinum  in 
copper  and  nickel  ores,  and  the  search  ia  likely  to  be  occasionally 
fruitful."  The  presence  of  platinum  in  sulphide  ores  new  Broken  Hilt 
has  been  reported  by  J.  C.  H.  Mingaye.'*  In  plumbojaiosite  from 
Ooodsprings,  Nevada,  R.  C.  Wells  '*  found  up  to  0.2  per  cent  of 
palladium,  with  a  trace  of  platiniun. 

I  Conipt.  Kend.,  vol.  2fl,  IMS,  p,  814.     B«  aton  Oueynmrd,  Bull.  Soc.  gM.  Tanai,  3d  ht.,  toL  11. 
ISH-U,  p.  UO,  on  other  ocoumDMi  of  platlnnni  in  the  Alp*, 
t  Llehlg-i  Ammlen,  tdI.  180,  lB?fi,  p.  340. 

•  OtaUn.  Z«Ilichr.  Berg-  a.  HQltenv.,  vt3.  39,  p.  B3. 

•Seen.  L.  W«U>,Ani.  Jooi.  ad.Sdui.,  Tol.  17,  ISM,  p.  ST.  SpwryUt* bu iIdd* best toimd by  W.  E. 
Htddcn  (Idsu,  tthser.,  vol.  6,  ISM,  p.  381),  and  hy  Bkldut  tnd  I.  H.  Pntt  (IdKn,  vol.  8, 1808,  p.  4B7),M 
two  tocslRks  In  Nortb  Carollcii,  aaocMti  vltb  Tbodolll*  gvnM.  Tar  datsDs  ooimniini  SndboiT,  im 
the  Motion  on  nkkd  and  eobalt,  ant*,  p.  SOS. 

(  Bull.  U.  S.  Qeol.  Surref  No.  U,  1880,  p.  10. 

•BwW.  C.  Knight,  Bug.  and  MiD.  Jour..vol.  TS,  1901,  p.  84S;toI.  73, 1«03,  p.  BM:  J.  T.  Etrop.CniiL 
Oaol.  Dept.  Columbia  Univ.,  vol.  11,  No.  08, 1803:  S.  T.  Emmom,  Boll.  U.S.  0«cd.  Bnrr^  No.  3U,  IttS, 
p.  H;  and  T.  T.  Rsd,  Eng.  and  Uiu.  lonr.,  vol.  TB,  1 W,  p.  KS. 

'  H.  L.  W^li  and  B.  L.  Penfitld,  Am.  Jour.  6d.,  4th  ser.,  tdI.  13,  ID03,  p.  06. 

•  Eng.  and  Uln.  Joui.,  vol.  TO,  1WS,  p.  117. 

•  Jour.  Canadian  If  in.  Inat.,  vol.  8,  lODS,  p.  103.  llMDOlr  on  Ihs  diatrlbntlon  of  tha  pUUnnm  matab 
la  otho-  Bourcs  than  placKi.  On  platinum  and  palladlDin  In  blbter  ooppw,  sm  A.  Ellai,  Bull.  Am. 
Inrt.  Uln.  Kog.,  No.  78, 1913,  p.  909.    In  irnyvBcke,  P.  Knach,  UMall  u.  En,  vol.  11, 1014,  p.  US, 

uZelUcbJ.  pTBkt.  Oeologis,  IWZ,  p.  iSS. 

11  Eds.  and  Min.  Jour.,  vol.  7T,  lOH,  p.  380. 

u  AcoodlnE  to  W.  Buscwanath  (Bull.  Oeol.  Snrvey  Victoria,  No.  30,  IWO),  platinum  fi  louod  In  tin 
TbomBon  Elvtr  copptr  mine  in  a  bomblanda  rod  rich  hi  chaloopjrjtc. 

u  B«0.  Otoi.  Survey  Naw  South  Wala,  vol.  8,  lODS,  p.  1ST. 

■•Work  done  hi  tha  laboratory  of  the  V.  B.  Ocologkal  Sorv^.  On  tho  Ooodqrinp  d*poitt,ntA- 
Knopf,  Bull.  U.  B.  0«ol.  Borvay  No.  B30-A,  lOlS. 
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TANADIUM  iND  URANIUM. 

Although  vanadium  and  uranium  are  chemically  unUke,  they  occur 
together  in  one  of  their  important  ores,  and  are  therefore  considered 
ti^ether  in  this  section.  Vanadiitm  is  a  member  of  the  phosphorus 
group  of  elements;  uranitmi  is  more  aldn  to  molybdenum  and  tung- 
sten, and  the  two  metals  are  also  magmatically  opposed.  Vanadium 
is  most  common  in  ferromagnesian  rocks,  while  uranium  minerals 
occur  more  frequently  in  granites  and  pegmatites. 

Vanadium  is  reckoned  among  the  rarer  elements,  and  yet  it  is 
widely  diffused.  Traces  of  it  are  common  in  iron  ores,  especially  in 
the  titaniferous  magnetites,  and  it  is  found,  when  sought  for,  in  rocks 
of  neariy  every  class.*  W,  F.  Hillebrand,'  in  a  special  investigation, 
examined  57  igneous  rocks,  and  found  vanadium,  in  most  cases,  in 
weighable  proportions.  The  smallest  traces  were  in  persilicic  rocte, 
but  in  sul^ilicic  varieties  the  amount,  reckoned  as  VjO„  frequently 
ran  as  high  as  0.03  to  0.05  per  cent.  In  the  ferromagnesian  minerals 
separated  from  some  of  the  rocks  the  proportion  of  vanadium  was 
even  higher,  in  one  biotite,  for  example,  reaching  0.127  per  cent  of 
y,0,.  HiSebrand  also  found  vanadium  in  slates  and  in  other  sedi- 
mentary rocks.  A  composite  of  253  sandstones  gave  0.003,  and 
another  of  498  limestones  gave  0.004  per  cent  of  vanadious  oxide. 

H.  Sainte-Claire  DeviUe  *  found  vanadium  in  French  bauxite,  in 
cryolite,  and  in  rutile.  P.  Beauvallet  *  detected  it  in  a  French  clay. 
In  bricks  made  from  a  clay  found  near  Sydney,  Australia,  according 
to  E.  H.  Rennie,*  vanadium  is  present  to  a  perceptible  amount. 
Other  Austrahan  clays  and  shales  gave  J.  C.  H.  Mingaye'  similar 
results.  He  also  found  vanadium  in  the  ash  of  coals  and  in  the  oil- 
bearing  shales  of  Scotland.  E.  Bechi  ^  reports  vanadium  in  clays, 
schists,  and  the  ashes  of  plants,*  and  C.  Baskerville  *  found  it  in  the 
ashes  of  peat  from  North  Carolina.  A.  Jorissen  "*  discovered  it  in 
dclvauxite,  which  is  a  hydrous  phosphate  of  iron. 

■  Sm  a.  a.  nkfis,  Proo.  Am.  Acad.  Arta  uid  SoL,  vgL  10, 1875,  p.  304.  3uja  found  vanullmn  In 
xoanj  rocks,  and  also  In  the  vatcra  of  BrocUlue,  UasractiusBtts.  For  detcnolnathiui  of  vHiudluia  In 
hvasotVnnviuauidEliia,  bu  L.  Btodaidl,  Oau.  chlm.  ItaL,  vol.  13, 1S83,  p.  li».    BcatUnd  dgtar- 


I  Bull.  U.  8.  Oeol.  BoTvtj  No.  IBT,  1000,  p.  ».  B«  alM  J.  E.  L.  Vogt,  Z«ltaahr.  pnifct.  Ofologle,  1899, 
p.3T1,  DD  thodistrlbulkmofTBiUilEiuntiirocks.  W.  PoUard  (Summ.  Prog.  QsoL  Burvay  Onnt  Britain, 
IMS,  p.  m)  baa  found  Tanadtum  tn  a  number  of  roclo.  On  Tanadhun  In  tlia  Staasfort  aalCcta;  see  £.  Uarcua 
and  W.  BUCi,  Zeltsohi.  aoorg.  Chemlo,  roL  OS,  leiO.  p.  91. 

■  AnnoleBChlia.  ph7s.,3dgBr.,vcil.  SI,  lS61,pp.»»,M3.    BmafaoL.  Dleabttft.Compt.  Raid.,  voL  B3, 

■,ToLlT,tt83,p.  133.    He  cttaalmUaiaiamphe  from  other  Bathoc^ 
ei. 

e  Reo.  Oaol.  Bnrvqr  New  Boath  Waka,  vol.  T,  1«B,  p.  319. 
1  Attl  R.  accad.  Lhioel,  ad  ser.,  vol.  3,  IBTV,  p.  403. 
BBteaboE.  Demarcsr.Compt  R«nd.,  vol.  UO,  l<)0O,p.fil. 
0  Jour.  Am.  Chem.  8oc.,  vol.  21, 1399,  p.  TOO. 
M  AmiahB  8oc.  g&l.  Belglque,  vol  t,  ISTS-e,  p.  41. 

97270°— Bull.  816— 1ft- 
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A  still  more  remarkable  occurrence  of  vanadium  was  noted  hy  J.  J. 
Eyle  ^  in  a  lignite  from  San  Kaf oel,  Frovince  of  Mendoza,  Argentiiia. 
The  coal  yielded  only  0.63  per  cent  of  ash,  hut  iiiB  latter,  upon  analy- 
sis, was  found  to  contain  38.22  per  cant  of  V,0„  together  with  sili- 
cates and  sulphates  of  other  metals.  In  a  similar  coal,  probably 
from  the  same  region,  A.  Mouriot*  obtained  38.6  per  cent  of  V,Of 
from  the  ash;  and  in  another,  from  Yauli,  Peru,  Torrico  y  Meca* 
discovered  38  per  cent.  The  ash  of  a  grahamite  from  near  Page, 
Oklahoma,  analyzed  in  the  laboratory  of  the  United  States  Geo- 
logical Survey  by  R.  C.  Wells,  contained  12.2  per  cent  of  V,0,. 
In  the  ash  of  an  asphalt  from  Kevada  the  same  chemist  found  nearly 
30  per  cent.  These  ash  analyses,  taken  tt^tber  with  the  finr^ing  of 
vanadium  in  the  a^ies  of  wood  and  peat,  surest  that  plants  have 
{dayed  some  part  in  the  concentration  of  vanadium.  Other  evidence 
of  umilar  purport  wiU  be  cited  later. 

Ths  definite  minenJs  containing  vanadium  as  ui  nflannfanl  con- 
stituent are  not  very  numerous.  Some  of  them,  vanadates  of  lead, 
such  as  vaoadinite  and  descloizite,  were  mentioned  in  a  previous 
section  of  this  chapter.  Volborthite  and  caldovolhorthito  are  vana^ 
dates  of  coppo',  with  other  bases,  and  pucherite  is  a  vanadate  of  bis- 
muth. Mottramito,  a  vanadate  of  copper  and  lead,  foimd  at  Aldeiiey 
Edge,  in  England,  has  had  some  significance  as  a  workable  ore.  It 
occurs  as  an  impregnation  in  Keuper  sandstone.*  A  Mexican  variety 
of  descloizite,  ramiiite,*  has  also  been  commercially  exploited.  These 
vanadates,  with  the  exception  of  mottramite,  occur  principaUy  in 
metalliferous  vrans;  and  A.  Ditto  *  attributes  thetr  formation  to 
percolating  vanadiferous  waters  acting  on  other  compounds,  most 
commonly  the  compounds  of  lead.  The  so-called  vanadic  ocher  is 
doubtful. 

A  sulphovanadato  of  copper,  sulvanite,  Cu,VSt,  is  found  in  South 
Australia.'  At  Minasragra,  near  Cerro  de  Pasco,  Peru,  another  sul- 
phide of  vanadium,  patronite,  is  found,  associated  with  pyiite,  in  a 
carbonaceous  substance  redbmbling  a  coal  but  abnormally  rich  in 
sidphur.'    This  occurrence  may  well  be  correlated  with  the  other 

I  Chm.  Hmm,  toL  tS,  1»1,  p.  3U. 
■  ComiL  Bttd.,  VOL  UT,  1803,  p.  MS. 

•  Abitivst  from  ft  Ptmvkii  or^tul,  hi  Jooi.  CtaKn.  Boo,,  voL  70,  pt.  3,  Ute,  p.  3Sa.  For  nun  ditalh, 
MB  D.  F.  Bnratt,  BuU.  Am.  Iiut.  Hln.  En|.,  UW,  p.  »1. 

<  Sm  H.  E.  BoBcm,  Proa.  Roy.  Boc,  vol  X,  UTS,  p.  111. 

•  S«e  O.  ds  J.  CataOtro,  Ucm.  Boo.  dnt.  Ant.  Alnla,  roL  30,  ig03,  p.  «!. 

•  CODpt.  Smi.,  VIA.  138, 1901,  p.  IKB. 

'  Bm  a.  A.  Ocqnla,  loui.  CbaoL  Boo.,  vd.  TT,  1900,  p.  lOM. 

•  Baa  D.  F.  Havatt,  Enc  tad  Ulo.  Imr.,  nA  93,  UM,  p.  SU;  and  J.  1.  Bnn,  talerm.  j  llan.  BdL 
Soc  iBsm.  mluai,  litiu,  loL  S,  1009,  p.  171.  Fcr  k  late  and  nmoli  maca  oomplata  ilwulpllm  ct  tha 
■ilplklda,  patnnltB,  and  Its  ancolaM  nbunb,  aaa  W.  F.  EllliibnHul,  Am.  Jour.  Sd.,  1th  iv.,  toL  34, 
lOOT,  p.  141.  Tha  bltumloous  matrix  Iia  nsmea  qutoquelte.  A  Kill  talar  mamafr  m  vanadlam  ''f^'^i 
In  Ptni,  by  Haifatt,  H  m  BuU.  Am.  Inat  llln.  Enc,  IBOR,  p.  Wl. 
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discoveries  of  Touadiam  in  the  ash  of  coal;  and  the  sulphates,  eqaira- 
lent  to  13.70  per  cent  of  SO,,  found  by  Kyle  in  bis  fmaljsis,  may  show 
that  he  too  had  originally  a  sulphide  to  deal  with  which  was  oxidized 
during  combustion.  Assodated  with  and  derived  from  patronite  Me 
the  calcium  vanadates  hewettite,  pascoite,  and  femandmite,  a  vana- 
dium sulphate,  minasragrite,  and  other  alteration  producte.* 

The  rare  mineral  ardennite  is  a  vanadio-sUic&te  of  manganese  and 
aluminum.  RoscoeUte  appears  to  be  fflsentiaUy  a  muscovite  in  which 
vanadium  has  partly  replaced  aluminiun.*  It  contains  about  24 
per  cent  of  V,Oi.  In  a  green  sandstone  from  Flacerville,  Colorado, 
W.  F.  HUlebrand '  found  3.50  per  cent  of  V,0„  which  was  present  in 
a  replacement  of  the  original  calcareous  cement.  The  green  mioeral, 
isolated,  contained  12.84  per  cent  of  V,0,  and  was  apparently  a 
variety  of  roscoeUte,  or  else  a  closely  related  compound. 

The  metal  uranium  is  much  less  abundantly  diffused  (han  vana- 
dium. It  is  found  in  a  number  of  rare  minerals — ^phosphates,  arse- 
nates, sulphates,  carbonates,  and  silicates — ^which  sue  all  of  secondary 
origin.  Autunito,  a  phosphate  of  uranium  and  lime,  is  not  uncom- 
mon  in  the  form  of  yellow  scales  on  granite  or  gneiss,  but  the  other 
species  are  much  lees  frequently  seen.  A  number  of  other  minerals, 
samarskite,  eozenite,  ete.,  are  coltunbatee  or  tantalates  containing 
uranium,  and  these  ore  primary  constituents  of  pegmatite. 

The  only  uranium  ores  of  any  importance  are  uraninito  or  pitch- 
blende and  camotite.  Uraninite  is  found  crystallized  in  pegmatites, 
and  also  massive  in  metalliferous  veins,  as  at  Joachimsthal,^  in 
Bohemia,  and  Johonngeorgenstadt,  in  Saxony.  It  varies  much  in  com- 
position, BO  much  so  that  different  modifications  of  it  have  received 
different  names,  such  as  cleveite,  nivenite,  br^^erite,  etc.  The  fol- 
lowing analyses,  by  W.  F.  Hillebrand,'  will  serve  to  illustrate  the 
variati<ms. 

>  On  bnretlit*  and  poMDlt*  tee  W.  F.  Elllsbnad,  H.  E.  llflnrln,  bimI  F.  E.  Wr^t,  Froo.  Aql  FhOsa. 
8m.,  Td.  IB,  1014,  p.  31.  Ttie  two  other  spMlaa  are  docrlbed  by  W.  T.  Solvlkr,  four.  WMbfeigtcn  AcwL 
SoL,  voL  i,  lOU,  p.  T. 

>  Boll.  U.  S.  Qtdl.  5arT«7  No.  IflT,  IMU,  p.  73. 
1  Boll.  V.  B.  Om).  Bamr  No.  ad,  IffU,  p.  18. 

•  Da  tbe  loeohlmitbal  one,  ns  Jmda,  OcatctT.  Zeltfohr.  Berg- a.  nattamr.,  nA.  fO,  p.  3S3;  Mm  J.  BUp 
tad  F.  Becke,  ZelUobr.  pnkt.  Oedofit,  im,  p.  148.  B.  Pttzoa  (Fnw.  C<flcrulo  BaL  Boo.,  Tid.  B,  IMG, 
p.  lM)hBadcacrlb«dthsoccQTTSDCsotnrsiilnlteIitainliieDeuCeDtiBlCtty,  Cdcndo.  On  unnlDni  ons 
laa«niiBli£utAtrIoa,>geW.  Ifvckvaad,  CflntiBlbl.  Uln.,  Oflol.u.  Fal.,1Bae,p.  TBI. 

•Sea  Bull.  U.  S.  Gtm.  Siuvsr  NO' 7!*.  1891,  p.  43,  BSd  No.  90, 1S92,  p.  23,  lor  dMalla;  Bias  Bull.  No.  190, 
191B,  pp.  111-114.  12  analyses  Inall  araglvsn.  On  tbe  pltcbblcodeotJ'oactiiniBQialiee  R.JBae,ZeltBolic, 
pcakt.  ae(4i«la,  1111,  p.  13S. 


.y  Google 


THE  DATA  OF  QBOCHBMJSTBT. 


A 

B 

C 

D 

B 

t 

26.48 

67. « 

».79 

.25 

26.26 
68.61 

"'"".'22' 
7.69 

22.33 

S9.30 

None. 

Noae. 

None. 

None. 

None. 
.20 
.21 

20.80 
4417 
0.6S 
.34 
.34 
2.36 
9.46 

30.63 
40.13 
6.00 
.18 
.06 
.27 
LU 

T^'.                  

cSow 

aor.."' 

IIjl    Tti\Ji, 

.13 
.20 

(y^SK 

aLoT.  ..          

.40 

'""■32' 

.70 

■     .44 

.14 

.26 

f^t::;:::;:::::::::::::::: 

PbO 

3.26 

6.39 

10.08 

9.04 

.17 
.09 

LOO 
.17 
.76 
.76 
.31 
.19 
.00 

2.34 
Trace. 

3.17 
.60 

VnCi 

Twee. 
.08 

.16 

.84 

Trace? 

.82 

HsO 

ifSiilT^*'      ■ 

Trace. 

TraceT 



Traces. 

rift  "v; 

.22 
.43 
.02 

i.»a 

2.79 
.12 
.24 

.02 

AioJ  . . 

K3  V.;: 

UndBt. 
.61 
.1« 

.08 
L4S 
.46 

.17 
.74 
.22 

Sd,' ::::::     :" 

¥A^\:'^:'/^y^'/^::'.'^'.'.: 

iSSlibto 

.70 

1.47 

4.42 

09.49 

99.82 

07.03 

98.28 

99.61 

M.SO 

From  these  analyses  do  single  definite  formula  can  be  deduced. 
The  uranium,  it  is  clearly  seen,  exracises  a  double  function,  add  and 
bade,  ih.e  latter  being  represented  bj  the  radicle  uranyl,  UO,.  With 
diis  base  other  bases  are  variably  present — thoria,  zirconia,  tho  rare 
eullis,  and  oxide  of  lead,  sometimes  one  and  sometimes  another  pre- 
dominating. There  are  abo  impurities  of  several  kinds  which  can 
not  be  dearly  distinguished  from  essential  constituents,  and  some  of 
the  vfuiations  may  be  due  to  incipient  alterations.  For  example,  the 
varying  ratios  between  UOj  and  UO,  may  be  ascribed  to  oxidation, 
the  incroaae  in  UO,  marking  stages  in  the  process  of  transformation 
of  uraninite  into  gummite,  a  well-known  alteration  product  of  pitch- 
blende. In  giinmiite,  which  is  a  hydrous  oxide  of  turanium  ^  plus 
other  bases,  with  from  61  to  75  per  cent  of  U0„  the  final  transforma- 
tion of  uraninite  is  seen. 

From  a  physical  point  of  view  uraninite  is  an  extraordinary  min- 
eral. In  it  helium  was  first  discovered,  and  later  the  radioactive 
elements  polonium  and  radium.    Uranium  and  its  compounds  are 
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themselTee  radioactive,  but  radium  is  vastly  more  so;  and  the  latter, 
while  distinctly  an  element  bo  far  as  its  chemical  charactenstdcs  are 
concerned,  ondei^goes  disint^^ation,  yielding  a  series  of  emanations 
which  seems  to  end  in  the  production  of  helium.  Radioactivity,  thffli, 
appears  to  be  a  phenom^ion  of  atomic  decay;  but  the  subject  is  one' 
which  hardly  falls  within  the  scope  of  this  treatise.  For  ^e  present 
it  is  mough  to  say  that  the  chief  sources  of  radium  to-day  are  in  the 
uraninite  of  JoachimBthal  and  in  camotite,  and  t^at  uruiium  itaelf 
is  the  progenitor  of  its  more  highly  active  companion. 

Cunotite,  which  is  essentially  a  vanadate  of  uranium  and  potas- 
sium, but  with  other  basee  present  also,  was  first  described  by  C. 
Friedel  and  E.  Cumenge,'  It  is  found  as  a  canary-yellow  impr^na- 
tion  in  sandstone  in  western  Colorado  and  eastern  Utah,  like  former 
field  has  been  studied  by  W.  F.  Hillebrand  and  F.  L.  Ransome,* 
the  latter  by  J.  M.  Boutwell.*  An  outlying  r^on  for  camotite  in 
Rio  Blanco  County,  Colorado,  has  also  been  desmbed  by  H.  S.  Gale.* 

The  following  analyses  of  camotite,  by  Hillebrand,  will  show  its 
general  character: 

Anaty$n  o/carnoHU. 


B.  Tallow  Boy  oWm,  La  M  Onok,  ibmtnm  CooiiV. 
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■C(Hi^RgDd.,vo(.13g,ISW,p.S33.   TrDyanmnlto.ancantlrdf 
orlffnallf  from  Siberia  but  also  fOimd  In  Utali. 

■  BnU.  U.  &.  Oeol.  Samj  So.  X3,  ItOS,  p.  9. 

■  Bull.  U.  B.  Gad.  Bmrey  No.  300, 1«M,  p,  300. 
•Ball.U.S.O«fl.earT«yNo.31S,l«DT,p.I10.   Oslo  (Bull.  340,  lS0a,p.2SS)  haiabodwirlbed  camatUa 

Ima  RoDtt  County,  Colcrado.  SeVBlao  H.  Flack  uid  V.  Q.  Halduia  (Kept  Blots  Bur.  Hhiga,  l90S-«,  p. 
47)  on  tbe  nnuluiii  and  vanadium  depoalts  of  aoatlteiii  Colorado.  BoIl.U.S.  BunaaotUlneg  No.  7D,  by 
R.B.  IfoonindK.L.  ElthlljljeaaaDtlalty  a  monoiirBp)]  on  tfaeom  of  vaiiBdluin  and  nranUim.  Tba 
Cttaado  ana  an  now  batng  wokad  u  a  aauroa  of  ntdlnm.  On  ooniotlte  bom  Itaaoti  Chonk,  Fomnyt- 
nnla,neE.  T.  Wbnry,  Am.  Jour.  BoL,4thnr.,Tal.SS,lBll,p.  B74. 
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With  the  camotite  a  Tanadiferous  silicate  also  occurs,  wbich  may 
be  eikm  to  roecoelite.  Two  calcium  Tanadatee,  metahewettite  and 
pintadoite,  and  a  vanadate  of  uranium,  uvanite  are  also  present.* 

In  the  Utah  field,  as  described  by  Boutwell,  not  only  oamotite,  boi 
other  vaaadatee,  such  as  calciovolborthite,  are  found.  In  Wil<Uu»se 
Canyon  a  black,  carbonaceous  sandstone  also  occurs,  in  which  vana- 
dium is  present.  This  recalls  the  occurrences  of  yanadium  in  coak 
elaewheni.  In  the  San  Rafael  Swell  the  camotite  ia  found  principalh' 
on  or  near  the  fossil  remains  of  plante,  whose  organic  matter,  Bodi- 
well  BOggeeis,  may  have  acted  as  precipitante  of  vanadium.  The 
some  association  with  fossil  wood  was  also  noted  by  Gale.  No  sul- 
phide of  vanadium,  however,  like  that  of  Peru,  has  yet  been  identified  i 
in  this  rc^on.  Camotite  has  also  been  reported  by  D.  Mawson  *  in  j 
the  pegmatite  of  "Kadium  Hill,"  South  Australia.  j 

Uranium,  like  vanadium,  has  been  found  in  coaL  In  an  anUira- 
rattc  bitumen  from  Swedoi,  described  by  A.  E.  XordenskiSld,*  the 
ash  contained  about  3  per  cent  of  U,0,,  with  some  nickel  oxide  and 
rare  earths.  In  the  ash  of  Swedish  "kolin,"  a  bituminous  coal,  H. 
Liebert,*  working  in  C.  Winkler's  laboratory,  found  from  1.68  to  2,87 
per  cent  of  U,0,.  An  anthracitic  mineral  from  a  pegmatite  vein  in 
the  Saguenay  district,  Canada,  yielded  J.  Obalski  *  2.56  per  cemt  of 
uranium,  equivalent  to  35.43  per  cent  in  the  ash.  The  significauce 
of  these  occurrences  remaios  to  be  determiued. 

COXilTMBIUM,  TANTTAIiTTM,  AND  THE  TLARB  VLARTH8. 

A  striking  feature  in  the  recent  development  of  chemical  indus- 
tries has  been  the  utilization  of  rare  elements  which  previously  had 
only  scientific  interest.  The  inveution  of  incandescent  gas  lighting 
has  created  a  demand  for  several  of  these  substances,  and  that  reason 
alone  ia  enough  to  justify  their  brief  consideration  here. 

Columbium  *  and  tantalum  are  acid-forming  elements,  whose 
typical  oxides  have  the  formulra  Cb,Oj  and  Ta,0,.  They  enter  into 
the  composition  of  a  considerable  number  of  minerals,  which  are 
found  principally  in  pegmatites.  Among  these,  columbite,  tantalite, 
samarskite,  and  euxenite  are  by  far  the  most  important.  Columbite 
and  tantalite  are  salts  of  iron,  FeCb,0,  and  FeTa,0„  which  com- 
monly occur  more  or  less  isomorphously  commingled,  often  with 

■  On  iBBtitKWBlXaa  WB»  HIllBbraiifl,  Menrti,«Dd  Wrtfit,  loe.  ett.  Tbt  two  otbcr  qneiei  an  dsaotOed 
brr.UHeaud  W.  T.  SdutUal,  four.  Wublnctfln  Acad.  BoL,  vol.  4,  Iflll,  p.  STfl.  OhUnoricfaar 
mnottle  ns  Hon,  Soon.  Ocaloc,  vol.  9, 1014,  p.  GTE. 

■  fbuL  Bor.  Boo.  BwtQi  AitftraU^  tdL  Ml,  IHW,  p.  IBS. 

•  Oootpt.  Bead.,  Td.  lis,  l«n,  p.  677. 

,•  Sm  C.  WbUer,  Zeltathr.  Kijit.  Uhi.,  vol.  ST,  l«a3,  p.  3gt. 

•  lottr.  CumdlaD  Uln.  Inst,  vol.  7,  IBM. p.  MS. 

•KaownliiaeniianyasDkibEiiin.  The  oune  odamlifam  has  mora  than  40  ;b*r>  priorttr  md  iB*n  lo 
Uwof^taaldiNaTeiyoltlie  dement  Id  Rinlaenl  bom  AmcclM.   Tllnlil liiiiCj lintliiiillji  iiimirnliia 
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manganese  partly  replacing  the  iron.  Metallio  tantalum  *  has  recently 
been  utilized  as  a  substitute  for  the  carbon  filament  in  incandescent 
elecffio  lights,  and  tantalite  is  the  chief  source  from  which  it  cui  be 
obtained.*  The  supply  so  far  ia  mainly  from  Scandinavian  localities. 
Zirconium  and  t^rium  are  tetrad  metals  fomung  oxides  of  the 
type  KO^.  They  also  are  fomid  in  granitic  rooks,  and  zirconimn 
fMiinpoTUids  are  almost  always  present  in  nepheline  sy^tes.  The 
chief  zirconium  mineral,  zircon,  ZrSiO«,  has  already  been  described 
in  the  chapter  upon  rock-forming  minerals.  The  mineral  baddeley- 
ite,  found  in  Ceylon  and  Brazil,  is  the  oxide,  ZrO,.  Eudialyte,  catsp 
pleiite,  and  the  zircon-pyroxenes  are  complex  silicates  containing 
zirconia.  Zircon  syenite  and  eudialyte  syenite  are  rare  but  well- 
known  Tockg,  and  zircon  also  occurs,  though  not  commonly,  in  coH' 
tact  limestones.  The  moat  remarkable  American  locality  for  ziroon 
ia  near  Green  River,  in  Hendeison  Coimty,  North  Carolina,  where 
it  is  found  abundantly  in  a  decomposed  p^matite  dike.  From  this 
source  many  tons  of  zircon  have  been  obtained. 

The  typical  thorium  mineral  is  also  a  silicate,  thorite,  ThSiOf 
The  ideal  species,  however,  has  not  been  found,  for  the  actual  speci- 
mens are  always  more  or  lees  altered.  The  chief  soiurce  of  tiioria, 
whi<^  is  used  in  tiie  manufacture  of  mantles  for  incandescent  gas- 
burners,  is  from  monazite  sand,  in  ^lich  the  thorium  compounds 
exist  as  variable  impuritiee.  Thorianite,  a  thorium-uranium  oxide 
from  Ceylon,  is  noteworthy  for  being  richer  in  helium  than  any 
other  known  mineral.  Like  uranium,  thorium  is  strongly  radio- 
active, and  BO  are  its  compounds.* 

In  the  group  of  elemeiite  known  as  the  metals  of  the  rare  earths, 
the  following  members  have  been  identified:  Scandium,  yttrium, 
lantlianuni,  cerium,  praseodymium,  neodymium,  samarium,  euro- 
pium, gadolinium,  terbium,  dysprosium,  erbium,  thulium,  holmium, 
lutecium,  and  ytterbium.  Among  these  yttrium  and  cerium  may  be 
regarded  as  the  type  elements,  and  they  are,  moreover,  the  most 
important.  In  the  mineral  kingdom  these  substances  occur  in  a 
large  number  of  compounds — fluorides,  carbonates,  silicates,  phos- 
phates, columbates,  and  tantalates,  minerals  which  are  found,  like 
the  other  species  mentioned  in  this  section,  principally  in  granites, 
gneisses,  uid  pegmatites. 

Cerium,  which  is  always  accompanied  by  lanthanum,  neodymium, 
and  praseodymium,  is  obtainable  principally  from  three  minerals 
which  are  found  in  reasonably  la^e  quantities.  Cerite,  a  hydrous 
silicate  of  these  elements,  forms  a  bed  in  gneiss  at  Bastniis,  Sweden. 

iththe  tuitiliim  hM  bma  nporMd  fRW  two  kwallUM  hi  Sftaib  b;  P.  WaltlMr,  NUun,  1900,  p.  HE, 
■Bd  W.  Tcm  Jahn,  Idem.  1810.  ]>.  a«8. 
■  Bn  Wsnar  na  Btltan,  Zettadu.  uigBW.  Chrania,  UKM,  p.  It37. 
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It  was  for  a  long  time  the  only  commercial  source  of  cerium  con»' 
pounds.  Allanite,  a  more  complex  silicate  of  cerium,  aluminum,  and 
otha'  bases,  is  also  abundant  enough  to  be  an  available  ore.  It  i^ 
not  a  Teiy  rare  mineral,  and  a  notable  locality  for  it  is  on  Xjttlf 
Friar  Mountain,  Amherst  County,  Vii^inia.'  Allanite  has  aJso  been 
found  associated  with  iron  ores,  as,  for  example,  with  the  magnetite 
of  Moriah,  near  Lake  Champlain. 

Monazite,  the  phosphate  of  cerium,  which  is  normally  CePO«,  i<:. 
however,  the  chief  source  of  the  cerium  earths  at  the  present  day. 
It  is  obtained  for  commarcial  purposes  from  detrital  deposits  o/ 
monazite  sand,*  and  yields  both  cerium  and  thorium  compounds. 
Monazite,  the  allied  yttrium  phosphate,  xenotime,  and  allanite  hsTf 
all  been  adequately  considered  in  the  chapter  upon  rock-forming 
minerals.     The  following  analyses  of  monazite  are  by  S.  L.  Penfield:' 

Anatyia  of  monatiU. 

A.  FnimPistliiid.Coiutectlciit    B.  7nimtbeauclao(Brliidtotoini,NarthCnoUiM.    C.  Vfmi  Anato 


A 

B 

c 

FJO, 

28.18 
S&64 
28.33 
8.2B 
1.67 
.37 

29.28 
SL38 
30.88 
6.49 
L40 
.20 

^"::\;::::;:::::::::::::;:;;:::::;:::::;:::::::::: 

twC'rr:;;:;;;"';""";;;';:; 

100.34 

99.63 

100. 4i 

Yttria  and  its  companions,  erbia,  terbia,  ytterbia,  etc.,  are  obtained 
for  the  most  part  from  gadolinite,  GljFeYtjSijO,,.  These  oxides, 
therefore,  are  sometimes  called  the  "gadolinite  eartlis."  l^e  type 
locality  for  this  species  is  Ytterby,  in  Sweden,  and  other  Swedish 
localities  have  yielded  the  mineral.  A  more  remarkable  occurrence 
of  gadolinite  and  other  alhed  minerals  is  at  Baringer  Hill,  XJaso 
County,  Texas.  Here,  in  a  giant  pegmatite  containing  enonnons 
crystals  of  quartz  and  feldspar,  gadolinite  is  found  in  large  crystals, 
together  with  yttrialite,  thorogununite,  nivenite,  fei^;usomte,  aUanite, 
tengerite,  cyrtolite,  rowlandite,  mockintoshite,  and  yttrocrasite. 
Several  of  these  species  and  varieties  are  peculiar  to  t^  locfdit;.' 

1 3«e  J.  W.  Uallst,  Am.  lour.  Sd.,3d  nr.,  vol.  U,  1877,  p.  aST. 

•  On  the  monailM  sand  ol  North  CarolinB,  SH  H.  I).  C.  KiUe.IlulL  North  CwolbiaOeoI,  Sarrsr  NO,*, 
lass.  AlntharefeieaoHon  p.  ^,  rate,  riltin  i  llim  HT  iiiiljaii  ill  iiiiiimllii  On  moiiHile sand  In  tbi 
tlD-beailDH  alluvium  ol  tb*  Main;  I'en[nsala,aMBulL  Imp.  Iniit.,  Tid.  4, 1906,  p.  301. 

I  Am.  Jdut.  Sd.,3daer.,  voL  M,  ISSl,p.  3K.  tbtaymtxH  DI  lapnaanta  the  old  dldrmlmii,  whlcii k 
Dcnr  known  to  be  a  mixture  of  neodymlum,  praMwdymluiD.  aamarlom,  ate 

"  8m  W.  E.  HUdim  and  J,  B,  MtteUntarti,  Am.  JoDt.  Sd.,  3d  aor.,  voL  SS,  W8B,  p.  (74;  HMden,  Wen, 
vol,  43, 1891,  p.  Wi  BUden  and  W.  F.  HOlebmnU,  td«m,  vol.  46, 1893,  pp.  W,  3U8;  HlUebnnd,  idam,4Ui 
nr.,  vol.  13,  lWl,p.  lUiIIlddei],ldani,vol.  lS,lSOS,p.  43eiBlditonBiMlC.H.  WuiaD,ldam,  voL31,UW 
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CHAPTER  XVI. 

THE  NATURAL  HYDROCARBONS. 
COMPOSmON. 

Natural  gas,  petroleum,  bitumen,  and  asphaltum  are  all  essentially 
compounds  of  carbon  and  hydrogen,  or,  more  precisely,  mixtures  of 
such  compounds  in  bewildering  variety.  They  contain,  moreover, 
many  impurities — sulphur  compounds,  oxidized  and  nitrogenous  sub- 
stances, etc. — whose  exact  nature  is  not  always  clearly  defined.  The 
proximate  analysis  of  a  petroleum  or  bitumen  consists  in  separat- 
ing its  components  from  one  another,  and  in  their  identification  as 
compounds  of  definite  constitution. 

AU  the  hydrocarbons  fall  primarily  into  a  number  of  regular  series, 
to  each  of  which  a  generalized  formula  may  be  assigned,  in  accordance 
with  the  following  scheme: 

1-  C„Hj^.  6.  ObH,^^. 

2.  C.H,,.  7.  C^,o-w- 

3.  CaH,^.  8.  CJ,^„. 

4.  C.H,^.  . 

5.  C„Hi«.  18.  CbH„_^ 

Members  of  the  first  eight  series  have  been  discovered  in  petroleum. 

Iliese  expressions,  however,  have  only  a  preliminary  value, 
although  they  are  often  used  in  the  classification  of  petroleums.  Each 
one  represents  a  group  of  series^ — ^homoli^us,  isomeric,  or  polymeric, 
as  the  case  may  be — and  for  precise  work  theso  must  be  taken  sepa- 
rately. The  first  formula,  for  example,  represents  what  are  known 
as  the  paraffin  hydrocarbons,  which  begin  with  marsh  gas  or  methane, 
CH^,  and  range  at  least  as  high  as  the  compound  CjjH„.  Even  these 
are  again  subdivided  into  a  number  of  isomeric  series — the  primary, 
secondary,  and  tertiary  paraffins — which,  with  equal  percentage  com- 
poaition,  differ  in  physical  properties  by  virtue  of  differences  of 
atomic  arrangement  within  the  molecules.  Each  member  of  the 
series  diffra^  from  tho  preceding  member  by  the  addition  of  tiie 
group  CH,,  and  also  by  the  phj^ical  characteristics  of  greater  con- 
densation. Methane,  CH^,  for  example,  is  gaseous;  the  middle  mem- 
bers of  the  series  are  liquids,  with  r^ularly  increasing  boiling  pointe; 
the  higher  members  are  sohds,  like  ordinary  paraffin.  These  hydro- 
carbons are  especially  characteristic  of  tho  Pennsylvania  petroleums, 
from  which  the  following  members  of  the  series  have  been  separated.^ 

I  Tht  table  ta(iinid«i»d  bnin  B.  Beier'j  nloildt  WMk,  nat  Erd<a,ad  ad.,  BiaouMbWBlg,  ItOS,  pp.  SMS. 
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Paraffins  Jrom  Penntylvania  petrvleum. 


Name. 

Formula. 

Halttacpotat. 

BoalDKpafat 

1.  GaBoma: 

CH. 

•c. 

-186 
-172. 1 

•c. 

+      1 

2.  Liquid: 

C       

C      „ 

C      „ 

C      > 

-  51 

-  31 

-  26 

-  12 

Dodecane 

!J   ■; 

+    * 

C      „ 

18 

3.  SoUd: 

8  :::::: 

C     ' 

c      „ 

e  :::::: 

c:    " 

c    - 

c    " 

c:    ,j 

37 

48 
60-51 
53-54 
65-56 

60 
62-63 

66 
67-«8 
71-72 

76 

■  Fora4e>crlpUanDrth«ablghBr,BoUdpuaffias,s«C.r.II>bery,Aiti.Clwm.Joar.,TaLS3,  IBOS.p.Kl. 
Ths  Utanturs  ol  Ibin  sul»tBiira>  b  BO  vAomboua  that  I  can  not  Btlempt  to  glre  «iliaasUTC  nfanoK 
C.  Hellaud  C.  Ulcelt  (Ber.  Dauticb.  cbam.  aewll.,TDL3I,  ISSS,  p.  KM)  hav>  diocrftMd  an  artltlcU  bT<t»- 
carbon,  C^iHiB. 

To  this  list  the  isomeric  secondary  paraffins  isobutane,  isopentane, 
isohexane,  isoheptane,  and  isooctane  must  be  added,  and  even  then 
the  list  ia  probably  not  complete.  For  instance,  the  solid  paraffins 
C„I^  and  C,gH„  have  been  found  in  petroleum. 

Natur^  gas  consists  almost  entirely  of  paraffins,  mainly  of  methane, 
with  qtiite  subordinate  impurities.  In  six  samples  from  West  Vir- 
ginia, analyzed  by  C.  D.  Howard,'  the  total  paraffins  varied  between 
94.13  and  95.73  per  cent.  Methane  ran  from  79.95  to  86.48  per  cent 
and  ethane  from  7.65  to  15.09.  The  following  analyses  from  other 
sources  may  be  cited  more  in  detail: ' 

1  Wnt  Vfrsbla  OmL  Survay,  toI.  1  A,  IdM,  p.  US. 

'  E)«a  abo  Uabtrr,  Am.  Chain.  Jour.,  voL  U,  iwe,  p.  31E,  for  analyiv  olgu,  lais«l7  methane,  from  aaatti- 
■mOblo.  HSf*r<D*aEr(1Sl,pp.  100-101)  i^vei  maor  other  data.  In  Bora-tan  Radwood'a  F«tn>liimn  mA 
Its  prodoota,  Sd  «d.,  toL  1,  IMS,  pp.  UA-aso.  lull  Ublea  or  aualTMa  are  glvto,  with  exoeUmt  nAnocs  hi 
Ulcratnre.  An  uniBual  inalyab  Is  cited  bf  a.  B.  REchardwra  in  BoU.  U.  S.  OeoL  Surrey  No.  3B0,  IW, 
p.Ut.  llanyothcranalTsaanpublbhedliiTrBila.  Am.Iiut.Hlii.£iig.,TaLU,pp.S3(letBaq.  Hatj 
analyiea  of  Kanna  gasea  are  glvcD  bj  H.  P.  CtOj  and  D.  F.  HoFarbnd,  Kaosu  Untr.  OeoL  Sumj, 
ToLe,  1908,p.l2S.  TbsyfouDd  In  near!]' all  samples  aOT^MlablaquaiitltiMothdlDm,  and  aboaiicD  nil 
neoa.  Saa&baTrBDl.  KaimaA(sd.Bcl.,voLaD,1907,p.SO:  voLai.lSoe.p.H.  8walnB.0caktf,ZeltKlir, 
soorg.  Cbemle,  toL  «2, 1913,  p.  2n.  For  anulysCB  of  Caliknilan  gas  see  Q.  A.  Burrall,  Bull.  V.  B.  BK. 
MlnaNo.  19,  IHl,  p.  47.  Od  Hquelactlon  of  natural  g»,  sM  L.  C.  AUcn  and  Q.  A.  Bmrtll,  TadL  FafK 
V.  B.  Bur.  lUnaa  No.  10,  Mil. 
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0.  fttttBad 


mlB. 


a.  CIiMB.  Tout.,  toL  It, 


D.  Pnm  VanDoonr,  Brithh  Cehunbk.   Analjnea  A  to  D  by  F.  C.  PhlD^  A 
UH.p.KM.   Bdntol from K table otsannlatouiitTMH to abcnrBzbwntktkoB. 

E.  MwinolfcprffBM  from Indtana and  thrw torn  Ohio, M>ri7i«dbrC.CHowtdfc«ttL«Uii««aBt»tM 
OcidOBksl Smrvr-    ClltdtvW  I  HoOMkElBTWth  Ami.B4(>tU.S.OaoLBiirTe7,pt.l,18Bl,p.GSl 

F.  Fran  OaawatuBle,  Eanau.    Ftam  &  tabla  of  nrol  nmljMB  by  E.  H.  8.  BbIII7>  Fiiimw  Dnlv. 
QMri,  ToL  4, 1W6,  p.  L 


A 

B 

0 

D 

E 

F 

ca. 

93.36 

pSiffl^a 

96.36 

98.90 

87.27 

93.66 

.28 
.G3 
.25 
L76 
3.28 
.18 
.29 

§^*^;::::::::;;::;::::::: 

3.64 
None. 
None. 
None. 

None. 

.40 
None. 

.70 
Ntme. 
None. 

.41 

None. 
12.32 
Nt»ie. 
None. 

.14 

None. 

6.30 

None. 

None. 

H, 

None 

fc  :v; 

b!8 

^ 

loaoo 

100.00 

100.00 

100.00 

99.93 

loaoo 

The  analyses  of  Paimsylrama  gases  by  S.  P.  Sadtler  >  gave  some- 
what different  results.  In  gas  from  four  different  wells  he  found, 
in  percentages,  CH«,  60.27  to  89.65;  C,H„  4.3d  to  18.39;  and  H„  4.79 
to  22.50.  These  high  figures  for  hydrogen  are  unusual  and  suggest 
a  resemblance  to  coal  gas.  In  all  cases,  however,  methane  is  the  pre- 
ponderating constituent,  the  characteristic  hydrocarbon  of  natural 
gas.  In  the  natural  gas  of  Point  Abino,  Canada,  "F.  C.  I^iilUps* 
found  96.57  per  ccoit  of  paraffins  and  0.74  of  H,S. 

Hydrocarbons  of  the  form  CaHjo  are,  as  constituents  of  petroleum, 
of  equal  importance  to  the  paraffins.  These  agun  fall  into  several 
independent  series,  which  vary  in  physical  properties  and  in  their 
chemical  relations,  but  are  identical  in  percentf^  composition.  One 
series,  the  olefines,  is  parallel  to  the  paraffin  series,  and  the  following 
members  of  it  are  sud  to  have  been  isolated  from  petroleum.* 

>  Btemd  OooL  Sdttct  PmnsytnnlB,  Kept.  I,  ISTfl,  pp.  IH-leO.    Sadtler  dta  gmng  inalrns  by  MlNr 
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8<heatt«d  "oUJinf"  iaokOttt from  petroleum. 


1.  Gaeeotu: 

Ethylene. 
Propylene. 
Bu^lene. 

2.  liquid: 

Amylene. 
Hexylene. 
Heptrlfoie 

Nonylene. 
Decylene. 
Undecyler 
Duodecyle 
Tridecylei 
Cetene — 

3.  SoUd: 

Cerotene-. 
Melene- . . 


C,H,.. 


C>oH«,-. 


This  table  is  probably  exact  in  an  empirical  scaise,  but  not  so  ccat- 
stitutionally.  Hydrocarbons  of  the  indicated  compo^tion  have  un- 
doubtedly been  found,  and  some  of  them  are  cwtainly  olefines. 
According  to  C.  F.  Mabery,*  however,  the  true  olefinee,  ^e  "open- 
chain  "  series,  are  present  in  petroleum  at  most  in  very  small  amounts. 
In  Canadian  petroleum  Mabery  and  W.  0.  Quayle '  identified  hexyl- 
eae,  heptylene,  octylene,  and  nonylene.  In  otiher  cases,  and  notably 
in  the  Russian  petroleums,  the  compounds  CdH,b  are  not  olefines,  but 
cyclic  hydrocarbons  of  the  polymethylene  series,  which  were  ori^- 
nally  called  naphtenee.  They  were  at  first  supposed  to  be  derivatives 
of  the  benzene  series,  and  it  is  only  within  recent  years  that  their  true 
constitution  has  been  determined.  In  Russian  oils  they  are  the  prin- 
cipal constituents,  and  according  to  C.  F.  Mabery  and  E.  J.  Hudson  * 
they  also  predominate  in  California  petrolemn. 

Members  of  the  series  from  C^Hi^  to  Ci,H,a  were  isolated  from  the 
California  material  Mabery  and  S.  Takano  *  also  found  that  Japa- 
nese petroleum  consisted  largely  of  CoH,b  hydrocarbons.  Other  aim- 
ilar  occurrences  are  recorded  in  the  treatises  of  Hdfer  and  Redwood.* 

The  series  CdHjo-^  is  often  called  the  acetylene  series,  after  its 
first  member,  acetylene,  C^,.    The  lower  members  of  this  series 


Soe.,  vol.  X,  190B,  p.  4U.    An  Imporlsiit  summary  ot  a 
p.  89. 
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*IllToL3of  R«dirciod'8Bnat  work,  tbere  b  a  blblkgr^f  or  petrolenm  oowing  nnrtr  0,000  titln. 
In  the  tait  ticdwoixl  givm  a  fuU  dbcussion  ot  the  oomposltloa  of  vailoos  petcidmma,  (iid  >o  toodota  Bl^ 
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seem  not  to  have  been  found  in  petroleum;  but  several  of  ite  h^her 
members  are  characteristic  of  oils  from  Texas,  Louisiana,  and  Ohio. 
In  oil  from  the  Trenton  limestone  of  Ohio,  Maberj  and  O.  H.  Palm  * 
found  hydrocarbons  haying  the  composition  C,,Hm)  C^jH^g,  Cj^o, 
and  C„Hu>  With  i^ese  compounds  were  members  of  the  CbH^ 
Beriee  as  high  as  C,,^.  There  were  also  members  of  the  next  seriee, 
CbH}b-« — namely,  CuH^,,  Ci^H^,  and  C^H^.  In  petroleum  from 
Louisiana,  C.  £.  Coates  and  A.  Best  *  found  the  hydrocarbons  C„H„ 
and  Ci^Hm-  These,  together  with  Ci«Hsot  were  also  separated  by 
Mabery*  from  Texas  oils.  These  oils  are  furthermore  peculiar  in 
containing  free  sulphur,  whidi  separates  out  in  crystaUine  form.*  In 
petroleum  from  Santa  Barbara,  California,  Mabery  *  discovered 
hydrocarbons  of  the  three  series  CuH,q_„  CoHjb-^,  and  CoHjit-ti  rep- 
resented by  Uie  formulie  C,3«;  C,;E^o,  C„I^o,  C,.H„,  C^K^,  C„H^ 
and  C,«^,.  A  remarkable  oil  from  the  Mahoning  Vfdley,  Ohio, 
according  to  Mabery,*  consists  almost  entirely  of  hydrocarbons  of 
the  series  CoH,^-,  and  CnHjn-f    Paraffins  are  entirely  absent. 

Hydrocarbons  of  t^e  seiies  CoHjo-a,  the  "aromatic"  or  benzene 
eeriee,  occur  in  nearly  all  petroleiuns,  but  in  usually  subordinate 
amounts.  Their  empirical  formulae,  ignoring  the  existence  of  iso- 
meric compounds,  are  as  follows: 


C.H, 

Toluene C,^ 

Xylene C^» 

Cumene Cfia 

Cymeno Cu>Hii 

Etc. 

According  to  Mabery/  Pennsylvania  petroleum  contains  small  pro- 
portions of  the  lower  members  of  this  series,  and  Mabery  and  Hudson  * 
found  lajger  amounts  of  them,  especially  of  the  xylenes,  in  California 
oil.  Numerous  other  examples  are  cited  by  Hofer  and  Bedwood,  but 
they  need  not  be  multiplied  here."  Naphthalene,  C,,^,  is  the  only 
compound  of  the  series  CnHjo-u  which  has  been  certainly  identified 

I  Am.  Cbem.  Imr.,  vol  33,  IMS,  p.  atl. 

■  loor.  Am.  Cbmx.  S«<i.,  T<d.  15, 1«03,  p.  IISS. 

•  Idem,  ToL  33, 1901,  p.  IM.  SnalsoaiTaxaa  ofli,  C.  Blcbudsco  sod  E.C.  Wallace,  Jour.  Boo.  Cbem. 
lud.,  YiA.  »,  ISOl,  p.  «K^  f .  C,  Thiols,  Am.  Chom.  Jour.,  voL.32, 18W,  p.  4W:  W.  B.  FhllUpii,  BnlL  OoiT. 
TauB  Nol  G,  1903;  C.  W.  Hayn  and  W.  Kennedy,  BolL  U.  S.  Oeid.  Surrey  No.  au,  1803;  R.  T.  HIU, 
Traoa.  Am.  Inst.  JClo.  Ens.,  voL  33, 1903,  p.  3S3i  and  N.  H.  Feaneman,  BulL  V.  S.  GeoL  Bim«y  No.  3S1, 
ISOB.  Fmnemaa  dtantbea  bdUi  Tern  lUd  L>aiiiataiia  petTDleums.  Ontbe  oomptaltlan  of  EansM  oOi, 
■M  V.  W.  BiBlxaK  Kasoaa  Unir.  OeoL  Survey,  voL  9,  190S,  p.  303.  In  tin  lome  TOlume,  p.  187, 
B.  HawarthdlManeB  Uw  «rigfai  ol  oil  and  gas. 

•  Saaa  BUwdaoaand  B.  C.  Waflaoe,  Jmr.  Bm.  Chem.  Ind.,  toL  31, 1B03,  p.  31B;  and  Thlele,  Cham. 

»  Am.  Cbnn.  Jour.,  vA  33, 1906,  p.  27(l 

■  Jam.  Ind.  Eoe.  Chem.,  vol.  B,  1911,  p.  101. 
)  Jom.  Am.  Chem.  Bee.,  vol.  38, 1906,  p.  418. 

•  Proc  Am.  Aoad.  Arts  and  Bd. ,  toL  Sfl,  1890,  p.  lO. 
urn  (ZeHBchr.  angew.  Chemle,  1907,  p.  i;ei)  hava  ealM  attaotloa  to  the 
m  la  aromatio  bydrocarboiu. 
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in  pelatileum.  It  was  found  by  C.  M.  Wairen  and  F.  H.  Storer^  in 
Rangoon  oil,  and  also  by  Mabery  and  Hudson  in  oil  from  Califomisu 
In  one  of  Mabery  and  Hudson's  distSlations  of  crude  oil  so  much 
naphthalene  was  present  that  the  distillate  became  solid  on  sl^it 
cooling.  Still  more  complex  hydrocarbons  hare  been  found  in  petro- 
leum residues,  but  it  is  possible  that  they  were  formed  during  the 
{ffocess  of  refining.  It  is  not  certain  that  they  were  present  in  the 
natural  oil.' 

In  many  petroleums  small  quantities  of  oxidized  bodies  are  con- 
tuned,  sometimes  complex  acids,  sometimes  phenols.  According  to 
Mabery,*  the  phenols  are  found  in  notable  proportions  in  some  Cali- 
fornia oik  but  not  in  petroleum  from  the  eastern  part  of  the  United 
States. 

Nearly  all  petroleums  contain  nitn^n,  from  a  trace  up  to  1  per 
cent  and  over.  It  appears  to  exist  in  most  cases,  if  not  in  all,  in  tlie 
form  of  complex  organic  bases,  but  their  constitution  is  yet  to  be 
determined.  They  are  peculiarly  abundant  in  California  oil,  in  which 
tiiey  were  discovered  by  S.  F.  Feckham,*  and  Mabery '  has  shown 
that  in  some  cases  they  constitute  from  10  to  20  per  cent  of  tiie  crude 
pebxileum.  Mabeiy  isolated  compounds  of  this  class  ranging  from 
CijHi^N  to  C,fHj,N,  although  these  formnln  are  subject  to  some 
uncertainty. 

Petroleum  free  from  sulphur  is  extremely  rare,  but  the  amount 
of  this  constituent  is  commonly  very  small.  In  some  instuices,  how- 
ever, tiie  sulphur  compounds  are  annoyingly  abundant,  as,  for  exam- 
ple, in  the  Lima  oil  of  Ohio.  In  this  oil  Mabery  and  A.  W.  Smith  * 
found  normal  sulphides  of  the  paraffin  series,  and  isolated  ten  com> 
pounds  ranging  from  methyl  sulphide,  C,H^,  to  hexyl  sulphide, 
C,,H,^.  In  Canadian  petroleum  Mabery  and  Quayle '  discovered 
another  series  of  sulphur  compounds,  of  the  general  formula  CoH^DSf 
which  they  named  thiopbanes.  Eight  members  of  this  series  were 
described,  between  C,H„S  and  C,gl^^.  Other  sulphur  compounds 
have  been  mentioned  as  occasional  admixtures  in  petroleum,  and  th6 
occurrence  of  free  sulphur  in  Texas  oil  has  already  been  noted.' 

1  Ucm.  Am.  Aoad.  Aitt  and  SoL,  U  as.,  toL  9, 1866,  p.  308. 
■  Fv  d«s  and  mmnotB,  M«  HSAc,  D*B  EfdOl,  p.  Ti. 

•  jDm.  Am.  Chan.  Soo.,  tsL  38, 1300,  p.  HS. 

•  Am.  Jour.  ScL,  3d  Mr.,  toL  18,  tSM,  p.  390. 

•  Jdoc.  Soc  Chmi.  Ind.,  voL  U,  1300,  p.  W6.  P.  X.  Budnnnky  (Uonatita.  Cbamie,  toL  S,  1887,  p.  2M} 
■Dd  A.  Wdlet  (B«.  DMtsoh.  cbcm.  OaalL,  vi^  30, 1887,  p.  3037)  li«v«  detoetad  nitiocnuDS  baiM  In  Emo. 

leSl,  p.  3Si. 

d  SoL,voL41,  I30S,p.  83.    A  pi^v  by  R.  EaTiW,  poblWud  In  189T,  MB- 
it OMnpoDods  In  Byilui  oaphalt  oUe.    I  bsve  not  bMn  abia  to  oooault  hk 
d  bj  W.  C.  D&r  In  JODi.  rianUln  ImL,  voL  140, 1866,  p.  331,  ud  kbo  In  EIBiIk's 
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Between  liquid  petroleum  and  solid  asphalt  there  are  numberless 
intermediate  substances.  Indeed,  there  is  no  distinct  break  in  the 
continuity  of  tlie  series  from  natural  gas  to  bituminous  coal.*  The 
latter  contiuns  solid  hydrocarbons  of  undetermined  character,  which 
break  up  under  the  influence  of  heat,  yielding  coal  gas  and  variouB 
tarry  products.  Some  of  the  heavier  hydrocarbon  mixtures  are  vis- 
cous, pasty  semifluids;  others  are  black,  brittle  sohds,  which  resem- 
ble coal  in  t^eir  outward  appearance.  Albertite,  grahamite,  uintaite, 
and  the  so-called  "pitch  coal"  of  Oregon  are  familiar  examples  of 
these  solid  forms. 

Many  of  the  solid  hydrocarbons  have  been  described  as  mineral 
Bpecies  and  given  specific  names.*  Scheererite,  fichtetite,  kOnlite, 
liatchettite,  ozokerite,  ziet^ikito,  elaterite,  hartite,  napalite,  tab- 
byite,  etc.,  are  among  the  substances.  They  vary  widely  in  compo- 
sition, being  commonly,  if  not  in  all  cases,  mixtures,  and  they  repre- 
sent different  series  of  hydrocarbons.  They  also  occur  under  widely 
differing  conditions.  Indicating  genetic  distinctions.  Some  are  found 
in  coal  in  such  a  way  as  to  show  their  derivation  from  vegetable 
resins;  others  appear  to  be  inspissated  petroleums;  others  again  are 
associated  with  metalhc  ores,  and  are  seemingly  of  solfataric  origin. 
Napalite,  for  example,  is  found  with  ores  of  mercury  in  California, 
and  the  ox^enated  compound  idrialite  occurs  under  sinular  condi- 
tions in  the  quicksilver  mine  of  Idria.*  Most  of  these  substances  are 
found  in  small  quantities,  and  are  so  imperfectly  described  that  they 
need  no  detailed  consideration  here.  Otiiers,  like  ozokerite,  alber- 
tite, grahamite,  uintaite,  and  the  various  asphaltums  and  bitumrais, 
occur  in  large  deposits  and  are  of  commercial  significance. 

Ozokerite,  for  instance,  is  an  important  source  of  paraffin.  In 
fact,  it  appears  to  consist  lately  of  the  higher  hydrocarbons  of  the 
paraffin  series,  although  some  varieties  probably  contain  compounds 
of  the  form  Cn^s-  i^  Caucasian  ozokerite  F.  Beilstein  and  E. 
Wiegand  *  found  a  hydrocarbon  to  which  they  gave  the  name  lekene, 
and  which  appears  to  be  a  polymer  of  CH,.  In  the  ozokerite  of 
Utah*  paraffin  predominates,  of  composition  between  CuH^  and 

iTtdiocntliiiil^iKid  tlwinibilib  ccmuininttr  at  Qtigta  fs  onphMlMd  by  Ktbccy,  Tonr.  &id.Eiig. 
Cbm.,  tU.  S,  1014,  p.  lOL 

•  Bm  Dan*,  SyitMn  of  mliHnlagy,  Mh  Bd.,  pp.  tM-lOM. 

•  BttnaunlialwaominoDlnthaNew  AlnutdanmliMa.  ItiuaadatioD  with  tIMl«))dHldlllio«na«f 
ttlanirt  Hid  wtth  Am  ooppef4«arlti<  shkln  of  Itansisld ,  Otnnaiiy ,  Ii  m  oooDiiMiM  ot  B  dlflgnnt  ordtr , 
with  vhUi  KdMvlD  mUoii  hu  luthtiig  to  do. 

•  B«r.  DeotMli.  abam.  0«Ha.,  vol.  le,  1883,  p.  1M7. 

•  On  UtA  oiokMt*,  BM  I.  8.  Nmrlwrry,  Am.  Jour.  ScL,  Sd  wa.,  vol.  17,  UTt,  p.  S4D;  and  A.  N.  Snl, 
lOOT.  PnntIliiIiut.,ToI.  130,M0,p.  40Z.  A  iiioi>agr>|>hlOpHi«'OIlaiakWftebT  E.  B.  OoUng(8a]io(d 
i>IIIkiMQiiut,Tal.ie,iaM,p.41]anil>ltuat>IbUDgnfili;<rfA*o>ineral.  D«c  Erdmchibargbwi tn 
Be>Tilaw,  br  I.  Unok,  Btribi,  U03,  Is  tn  In 
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Uintftite,  or  gUsomte,*  is  another  black,  brittle,  lustrous  mixtare 
of  hydrocarbons  found  in  the  Uinta  Mountains,  Utah.  Another 
similar  mineral  from  Utah  was  named  wurtzilite  by  W.  F.  Blake.* 
The  exact  nature  of  these  hydrocarbons  is  yet  to  be  detramined.  Ilie 
same  remark  may  be  applied  to  the  albertite '  of  New  Brunswick, 
the  grahamite*  of  West  Virginia,  the  "pitch  coal"  '  of  Coos  Bay, 
Oregon,  and  oUier  like  substances.  The  albertite  and  grahamite 
fill  T^nlike  fissures  in  the  country  rock,  into  which  they  were  pos- 
sibly injected  when  fluid.  These  hydrocarbons,  it  should  be  observed, 
are  fusible,  therein  differing  from  coal.  They  are  also  variably 
soluble  in  oi^anic  solventa.  Their  origin  is  obscure.  Some  authors 
attribute  them  to  the  oxidation  of  lighter  oils;  o&ers,  like  S.  F. 
Feckham  *  regard  them  as  residues  from  a  natural  distillation  of 
petroleum.  Ilie  oxidation  theory  is  borne  out  by  the  fact  that 
grahamite,  according  to  White,  contains  13.5  to  14.7  per  cent  of 
oxygen,  while  W.  C.  Day  found  14.61  per  cent  in  the  Oregon  minuaL 
Furthermore,  W.  P.  Jenney,'  by  aspirating  heated  air  Uirou^  Penn- 
sylvania petroleum  for  several  hours,  partially  converted  the  oil 
into  a  substance  resembling  grahamite.  In  this  experiment,  obvi- 
ously, the  more  volatile  hydrocarbons  were  distilled  away.  The  two 
processes,  oxidation  and  distillation,  went  on  aimultaneously. 

In  most  cases  the  sohd  hydrocarbons  found  in  nature  are  not  given 
specific  names,  but  are  known  generioally  as  fisphalt  or  bitumen. 
The  pasty,  viscid  varieties  are  called  maltha.  There  are  also  mix- 
tures of  these  substances  with  the  material  of  sandstonea,  shales,  and 
limestones,  forming  the  so-called  asphalt  rocks,  from  which  oils  or 
taiB  can  be  sepu-ated  by  distillation  or  melting. 

Asphalt  and  asphalt  rock  are  widely  diffused  in  nature,  brang 
found  in  all  parts  of  the  world.  Probably  the  most  remarkable 
occurrence  of  asphalt  is  that  of  the  famous  "Pitch  Lake"  in  Trini- 
dad, whidi  has  been  many  times  described — ^best,  so  far  as  chemical 

lUtntalle  hu  prkirlty,  bnt  gllBinlts  b  Om  name  buhA  Dommcml;  used.  On  this  bltumgn  sM  I.  H. 
Loclcg,Traiu.  Am.  Inst.  UlD.£Dg.,  vol.  17,1887, p.  IffiiB.W.&trmandildem.TCil.  18,1888, p.  US;  W.F. 
Blake,  Idem,  tqI.  18,  lew,  p.  563;  Q.  H.  Stone,  on  Utah  and  Oolonda  aipballa,  Am.  low.  BcL,3d  ■«., 
vol.  42,  ini,  p.  U8i  and  □.  E.  Eldrjdge,  Serentecmth  Ann.  Sept.  U,  9.  Owl.  Surrey,  pL  1,  IBM,  p.  VIS, 
and  also  Bull.  No.  313, 1903,  p.  296.  A  chmnlcal  fnreitlEatlon  of  eOsonKe  by  W.  C.  Da;  Ii  rqwrted  Sa 
Joar.  Frankltnlnst.,  vol.  IW,  18Sfi,p.  221. 

>  Trans.  Am.  Inst.  Wru  Sag.,  vol.  18, 1890,  p.  W,  Bag.  Mid  Wn.  Jour.,  vol.  18, 1888,  p.  Gtl;  vol.  a, 
ISflO.p.  IDS. 

1 C.  H.  HitchoDOk,  Am.  Jour,  9cl.,  Zd  eer.,  vol.  3V,  1886,  p.  287;  and  8.  F.  Peckham,  Idem,  ToL  4S,  18W, 

p.m. 

'  J.  P.  Laaley,  Pno.  Am.  Phll«a.  Soo.,  roL  9,  lS«a,  p.  183;  and  I.  C.  IThlla,  Bull.  a«d.  Boo.  Amsrlea,  toI. 
10, 181S,p.2T7.  J.  P.  KJmbaU<Am.  Jour.  BcL,  3d  sar.,  vol.  12,  lg7B,  p.  277}  has  dacrlb«]  a-'pAamtU" 
bam  Kexloo.   Bee  also  B.  Tkm,  ODtralbL  Uln.,  Qeol.  u.  Fal.,  1914,  p.  eo». 

•  W.  C.  D«7,  NlnetHnth  Aim.  Kept  U.  B.  Oeol.  Bamj,  pt.  3,  lg«§,  p.  )70. 

•  PeckIiam,Iao.  dt.,aadalBO  Am.  Tour,  Bci,,3dser.,  vo}..  48, 1894,  p.  388. 

'  Am.  Cbemlit,ro1,fi,l8TG,p.3ie.  PoiaiialyaeaoITexaegnhamlteseeE.T.  lnuiiUe,TrBDS.  Am.&ist. 
lCiD.Ellg.,voI.21,p.a(ll. 
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questions  are  concerned,  in  tihree  papers  by  CMord  Richardson.^  Ac- 
cording to  Richardson,  the  ^lake"  occupies  the  crater  of  an  old  mud 
volcauo  or  geyser,  which  hfui  become  filled  with  "pitch."  TliiB  is  an 
emulsion  of  water,  gas,  bitumen,  with  some  other  oi^anic  substances, 
and  mineral  matter.  The  gas,  which  is  continually  eToWed,  consists 
principally  of  hydrogen  sulphide  and  carbon  dioxide.  The  water 
which  penneatee  the  pitch  is  rich  in  saline  matter,  mainly  sodium 
chloride,  but  it  also  contains  small  quantities  of  borates  and  of 
anmioniacal  salts,  which  indicate  that  it  is  probably  of  volcanic  ori- 
gin.   An  analysis  of  the  purified  bitumen  gave  tiie  following  results: 


AwUjfti*  t^  Trinidad  bftumtn. 


.  10.69 

.  e.ie 


99.99 


The  sulphur  content  of  this  material  led  to  an  investigation  of 
other  asphalts.  In  eighteen  hard  a^halts  the  sulphur  ran  from  3.28 
to  9.76  per  cent,  while  in  soft  asphalts  or  malthas  only  0.60  to  2.29 
per  cent  was  found.  This  leads  to  the  suggestion  that  sulphur  has 
been  active  in  hardening  the  bitumen;  that  is,  in  effecting  the  con- 
densation and  polymerization  of  the  hydrocarbons.'  Oxygen  may 
act  in  the  same  way,  hut  is  eliminated,  after  union  with  hydrogen,  as 
water.  Richardson  condudea  that  the  bitumen  consists  in  great 
part  of  unsaturated  hydrocarbons,  but  their  exact  nature  remains 
undetermined.'    He  also  describes  the  Bermudez,  Venezuela,  locaUty. 

■  Tour.  Soo.  Chem.  Ind.,  toI.  17, 1898,  p.  U;  Ilq>i  Lupaetor  Atgbtlti  ind  Oamnti,  fftOitngtoa,  D.  C, 
jwr  BQdtng  lain  30,  UW;  Fioc.  An.  Sac.  TcKJng  KateWi,  mL  I,  IMQ,  p.  M».  Sm  klw  N.  8.  IfanroM, 
Am.  Jour.  BcL,2dBer.,vol.»),  lSK,p.  1st.    W.  UarlvalBCTniii.  NatthgfEnEluMt  Inst.  Hedi.  and  Uln. 

Tintjiiil   IT.irWT.ii  I1i.l liii  iniiiill1iii"iiiiil]ri"iifTlMli«iliiC<i,iimnilnll iililhnlliM  iifTiliililiiil. 

BaealaoB.  W.  EUi,  Ottawa  MatDnlJat, toI.  21,U07,  p.  71.  A raoaat psfW  by  Bklkudmi  bin  Jour. 
phyi.  Cbem.,  voL  IS,  IBIE,  p.  341. 

•  A  w<U-kiii>iniiiwtlwdfarpr9«rfe)aH«IitolnMp«iflln  wttbnlpliiic.  Ttw  NMtkn  doobtha 
InrolvM  >  union  of  tlMnsIdiiM  lion  whliibli;drag«ibialMaip*TtMI;  withdrawn— that  la,  tl  ~ 
Clcino(>mor«0Dnd4Da>d  brdrocartxai  molMOla.  ~ 
■tudlad.  Braw  irtUldal  "laphalti"  bar*  bMn  | 
aodaibnilaTnibataiiM,  "brvUM,"  k  madt  by  tba  sli 
The  bttcr  iroduM  T«S(mbtaa  gUscmlle.  See  C.  F.  Vtbtrj  and  J.  B.  Byaly,  An.  Cbem.  iDar.,  t^  18, 
lSW>,p.lU.   &«eabor(<mice8tothe>i]lphnrpro(i«9M>biKSblar'(inaniigr^h,p.m. 

■  OnlbeoampialtlraioIaBphaltiSwalsoE.  Eiulamaaii,Ji>(u.Boa.Chmi.Ind.,voLlB,18B7,p.  m.  For 
■aalyscBorTaxasuphallsaaaE.  W.Eupo'iBDlI.TuaatfnlT.  IUa.SarvaTNaS,lsoi,p.loe.  Elabraata 
lUtaaraaboglvibyQ.  H.  KMrMg*,  TwmtyMOond  Ann-B^U.  B.  0«I.Bafvg,pt.l,IBOI,p.»l>, 
In  a  loDg  paps  on  tba  aapbalti  and  bltnmlnonB  roob  of  th*  Untttd  8tal«(,  Impcrtnt  nolograpbi  tia 
Bsphalt  an  by  H.  KIttilei,  Dla  Chemls  nod  TnhooIoBle  der  natOriiohai  and  MnMUabtn  Aaphalta,  Bnun- 
wJbwtag.MH;  ■adP.NHi7,I,abIlinD«,Pu*i,uae.  Be* ako T. Poantlto, Ultt. E. nngu. gaol. Anatalt, 
ToLU,  Helti,  1007,  pp.  SS-4B3,  on  pMrolnunand  aapbaltln  Hangvy.  VaoolnaiUiapnuJiiwticoia- 
pcoltlon  of  peQnlsBm  are  huumenbl«.  I  bava  dtad,  pdndpaUy,  tbol*  of  Uabvy,  bocauH  Uuy  lalale 
ipedfloUy  Id  Anurkau  alia.  The  limited  acope  of  this  Tohune  jHwcnti  me  Erom  gains  Into  datalla,  and 
iTwt  IJlsatim  moat  be  paseed  orv.  The  fundanuntallBbsn  of  PelooM  and  Caboun  In  Fnaee,  of  Bohor- 
komuirin  Englaiid,  of  Mukovolkoll  In  Rniala,  lud  of  otbm  In  nearly  ertry  oonnliy  of  Eorope,  can  not 
begtvtn  the  consldinthin  hire  whleb  li  properly  doe  thm. 

97270°— Bull.  616—16- 
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Iq  a  recent  article  RichardBon '  has  also  studied  at  lehgth  the 
nature  of  grahamite,  and  given  many  analyses  of  samples  frocn 
different  locaHtiee.  It  is  mainly  derived  from  the  condensation  of 
paraffin  oils,  and  so  differs  from  gilaonite  and  manjak,  which  were 
formed  by  unsaturated  hydrocarbons.  Grahamite  differs  from 
slbertite  in  being  soluble  in  carbon  bisulphide;  a  distinction  wbicb 
leads  to  die  designation  of  albertite  as  a  pyrobitumen,  or  more  com- 
pletely metamorphosed  petroleum.  Richardson  also  gives  examples 
of  the  presence  of  vanadium  in  the  ash  of  grahamite,  a  fact  already 
noticed  in  the  preceding  chapter. 

STNTHEBE8  OF  FfTTROIiEnJM. 

Hydrocarbons,  notably  methane,  ethane,  acetylene,  and  benzene, 
have  been  repeatedly  prepared  by  laboratory  meUiods  from  inoi^anic 
sources,  and  also  by  the  breaking  down  of  more  complex  organic 
matter.  Some  of  the  methods  employed  have  led  to  the  production 
of  substances  resembling  petroleum,  and  these  alone  demand  con- 
sideration here.    Let  us  begin  with  the  inorganic  material. 

Wben  cast  iron  is  dissolved  in  an  acid,  hydrogen  is  evolved,  but 
with  contaminations  that  were  long  ago  recognized  as  akin  to  hydro- 
carbons. In  1S64  H.  Hahn'  attempted  to  determine  their  exact 
nature  by  passing  the  gas  through  bromine.  Organic  bromides  were 
thus  formed,  corresponding  to  the  olefines  from  C^H^  to  CtH,^,  the 
general  formula  being  CnHjnBr,.  In  hydrogen  evolved  from  spieg<d- 
eisen  Hahn  found  still  higher  hydrocarbons,  up  to  CigH„,  These 
were  collected  by  direct  condensation  in  wash  bottles  without  the 
use  of  bromine. 

In  1873  similar  experiments  were  reported  by  F.  H.  Williams,* 
who  dissolved  spiegeleisen  in  hydrochloric  acid.  The  gas  evolved 
was  passed  through  tubes  immersed  in  a  freezing  mixture,  and 
afterward  through  bromine.  In  one  experiment  7,430  grams  of 
iron  gave  49  grams  of  directly  condensible  hydrocarbons,  with  325.5 
grams  of  bromides;  and  other  experiments  yielded  similar  results. 
The  nature  of  the  hydrocarbons  was  not  further  investigated. 

Much  more  elaborate  researches  were  those  conducted  by 
S.  0oez,*  in  the  years  1874  to  1878.  Hydrochloric  or  sulphuric  acid 
was  allowed  to  act  on  large  quantities  of  spiegeleisen,  and  the  hydro- 
gen, partly  by  direct  condensation  and  partly  by  absorption  in  bro- 
mine, yielded  abundant  hydrocarbons  and  their  bromides,  which  were 
separated  by  fractional  distillation  and  identified.  Ferromanganeee 
gave  a  particularly  large  product  of  hydrocarbons,  and  a  cast  man- 
ganese, containing  85.4  per  cent  of  metal,  was  even  attacked  by  water 

I  JooT.  Am.  Cbon.  Sao.,  toL  S3,  mO,  p.  lOSZ. 

■  Lieblg'sAmnUm.voLm.UU.p.ST.   Hahn  gtrw  ntoreow  to  tin  wrlkc  tarwtl|Htori 

■  Am.  JooT.  SaL,  3d  Mr.,  vol.  t,  1S73,  p.  363. 

•  Compt,  Said.,  ToL  78,1874,  p.  uet;  ToL  SS,  1877,  p.  1003:  vol.  86, 1S7S,  p.  lUS. 
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alone,  with  erolution  of  similarly  carburized  hjdrogeD.'  In  his  first 
paper  Clo6z  reports  that  he  obtained  octylene,  C^Hk,  by  direct  con- 
densation, with  bromheptylene,  C,H,»Br,  and  bromoctylene,  C3i3r> 
from  ttie  bromine  solution.  In  his  second  paper  he  described  the 
products  obtained  during  Uie  solution  of  600  kilograms  of  white  cast 
iron,  which  yielded  640  grams  of  oily  hydrocarbons,  2,7S0  grams  of 
bromolefinee,  and  632  grams  of  paraffins.  Seven  of  the  latter  were 
identified,  from  C,oHm  up  to  C,^^,  hydrocarbons  identical  with 
those  which  occur  in  petroleum;  Utat  is,  from  the  carbides  con- 
tained in  cast  iron,  a  mixture  of  hydrocarbons  chemically  resembling 
petroleum  can  be  prepared. 

In  recent  years,  through  the  development  of  the  electric  furnace 
by  Moissan,  many  carbides  have  been  made  and  investigated.  The 
greater  number  of  these  compounds  react  with  water,  yielding  hydro- 
carbons, and  the  production  of  acetylene,  as  an  illuminating  gas,  from 
calcium  carbide,  has  become  an  important  industry.  The  metallic 
carbides,  however,  diSer  in  theiV  yield  of  hydrocarbons,  and  the 
results  obtained  may  be  summarized  as  follows:' 

The  carbides  of  hthium,  sodium,  potassium,  calcium,  strontium, 
and  barium,  treated  with  water,  yield  acetylene,  C,H,. 

The  carbides  of  aluminum  and  glucinum  yield  principally  methane, 
CH,. 

The  carbide  of  manganese  yields  a  mixture  of  methane  and 
hydrogen. 

The  carbides  of  yttrium,  lanthanum,  cerium,  thorium,  and  ura- 
nium yield  mixtures  of  acetylene,  methane,  ethylene,  and  hydrogen. 
The  cerium,  lanthanum,  and  uranium  compounds  also  yield  some 
liquid  and  solid  hydrocarbons.  From  4  kilograms  of  uranium  car- 
bide Moissan  obt^ed  100  grams  of  hquid  hydrocarbons,  consisting 
largely  of  olefines,  with  some  members  of  the  acetylene  series  and 
some  saturated  compounds. 

According  to  K.  Salvadon,'  hydrocarbons  can  be  generated  by 
heating  together  calcium  carbide  and  ammonium  chloride,  an 
observation  which  has  been  confirmed  by  A.  Brun.*  Furthermore 
G.  Steiger,  in  the  laboratory  of  the  United  States  Geological  Survey, 
obtained  both  sattu-ated  and  unsaturated  hydrocarbons  by  the  simi- 
lar action  of  ammonium  chloride  upon  the  native  iron  of  Ovifak. 
Ammonium  chloride,  it  must  be  remembered,  is  one  of  the  most  char- 
acteristic of  volcanic  emanations.  The  bearing  of  these  observations 
upon  theories  of  petroleum  formation  will  be  discussed  later. 
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It  will  be  observed  that  acetylene  is  s  common  product  of  these 
reactions.  But  acetylene  is  not  a  constituent  of  petroleum.  F. 
Sabatier  and  J.  B.  Senderens,*  howerer,  have  found  that  when  a  mix- 
ture of  hydrogen  and  acetylene  is  brought  into  contact  with  findj 
divided  metaUic  nickel  at  a  temperature  of  200°  a  mixture  of  paraffins 
is  formed  whidi  resembles  PennaylTania  petroleum.  Acetylene  alone, 
in  presence  of  nickel,  also  yields  aromatic  hydrocarbons,  and  a  mix- 
ture is  produced  resembling  Russian  oil.  In  this  coDnection  it 
should  be  noted  that  M.  Berthelot*  long  ago  proved  that  acetylene, 
when  heated  to  the  temperature  at  which  glass  begins  to  soften,  p<^y- 
merizes  into  benzene.  Three  molecules  of  CJ5,  yield  one  of  C,Hp 
Benzene  itself,  when  heated  under  suitable  conditions,  loses  hydrogen, 
and  the  residues  combine  to  form  diphenyl,  C,jH„: 

2C^,-2H  =  C„H„+H, 

From  acetylene,  then,  as  a  starting  point,  highra-  hydrocarbons  toaj 
be  generated.  These,  again,  at  high  temperatures,  act  upon  one 
another,  and  the  complexity  of  the  final  product  may  be  Tery  great 
Furthermore,  carbon  and  hydrogen  can  unite  directly.  When  the 
electric  arc  is  formed  between  carbon  temunals  in  an  atmosphere  of 
hydrogen,  acetylene  ia  produced — a  reaction  discovered  by  Berthelot.' 
According  to  W.  A.  Bone  and  D.  S.  Jerdon,*  methane  and  ethane  are 
formed  at  the  same  time,  but  at  a  lower  temperature  (about  1,200°) 
methane  is  the  sole  product  of  the  union.  Even  by  passing  hydn>- 
gen  over  charcoal  at  1,200°  methane  may  be  formed. 

So  much  for  the  inorganic  syntheses  of  hydrocarbons.  On  ihe 
other  side  of  the  question  it  has  long  been  known  that  the  destructive 
distillation  of  oi^anic  matter,  animal  or  v^etable,  under  conditions 
which  preclude  the  free  access  of  air,  will  produce  hydrocarbons  and 
nitrogenous  bases.  This  fact  was  first  applied  to  the  production  of 
an  artificial  petroleum  by  C.  M,  Warren  and  F.  H.  Storer'  as  far 
back  as  1865.  They  prepared  a  lime  soap  from  menhaden  (fish)  oil, 
which,  on  destructive  distillation,  yielded  a  mixture  of  hydrocarbons 
hardly  distinguishable  from  coal  oil'  or  kerosene.  From  this  mix- 
ture they  isolated  and  identified  the  paraffins  pentane,  hexane,  hep- 
tene,  and  octane;  the  olefines  amylene,  hexyleno,  heptylene,  octylene, 

iComptRoid.,  Tol.  134,leDa,p.  1U£.  BImll&rnniltslotluiMDtSabatkrKkdBcndccaiibKvealnbMi 
obMHuid  b;  K.  CbulCsctiliDff,  Cbem.  ZentrotbL,  1907,  p.  2H.  A  paper  by  Chuibchbrfl  on  tba  orifki  <^ 
petroleum  Is  abatncted  In  Join.  Cham.  Soc.,  vol.  101,  pt.  1, 1813,  p.  SUt. 

■  Annslv  cbEm.  pbya.,  4tb  sv.,  ToL  12, 1S8T,  p.  12.  AoeoRllDg  to  E,  Bttna  ud  A.  WraoriBkl  (Ant. 
Sd.  Fhrs.  NM,,  lUi  BO-.,  vol.  33,  tflU,  p.  389),  the  polyniccliatkni  otaoetfltnels  much  mlded  by  pnosn- 

•  ADiules  ohlm.  phys.,  3d  ser.,  vol.  57,  ISSa,  p.  N. 

•  Jour.  Chcm.  Sac.  vol  71, 1BS7,  p.  41;  vol.  TV,  1901,  p.  1D«1.  S«  *I»  I.  N.  Trbifaaa  R.  B.  SatUt, 
tdem,  ToL  W,  ISOa,  p.  UHl.  AI»  W.  A.  Bona  and  H.  T.  Cowafd,  Jour.  Chem.  Soc,  vol.  B3, 1KB,  p.  UK 
vol.  BT,  IRIO,  p.  1219. 

•  Mem.  Am.  Amd.  Arti  and  ScL,  ad  acr.,  vol.  9,  ISU,  p.  177. 

•  Cm!  oD  ia  dU  dlatUlad  [rom  niaia  or  ooaL  Tba  tvm  la  not  B;riiOD;mons  with  petioleam,  sltfaoofh  & 
k  oIMi,  looMly,  10  oisd. 
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Donylene,  dei^lene,  undecylene,  and  duodecjleue;  together  with  ben- 
zene, toluene,  xylene,  and  isocumene,  membetB  of  the  aromatic  series. 
A  true  artificial  petroleum  had  been  prepared. 

In  1888  C.  Enter's  famous  inveetigations*  were  annoimced.  He 
distilled  menhaden  oil,  unsaponified,  at  a  temperature  between  320° 
and  400°,  and  under  a  pressure  of  ten  atmospheres.  The  distillate 
resembled  petroleum,  and  contained  the  paraffins  from  CcH„  up  to 
C,Hi,.  In  a  later  memoir*  he  mentions  the  isolation  of  normal 
octane  and  nonane,  with  secondaiy  hexane,  heptane,  and  octane.  In 
a  still  later  research  with  T.  Lehmanu  *  he  also  obtained  olefines  from 
C^,j  up  to  C^ij  and  some  derivatives  of  the  benzene  series.  These 
experiments  upon  fish  oil  confirmed  those  of  Waxreu  and  Storer,  but 
differed  from  theirs  in  the  direct  use  of  the  oil  instead  of  its  fatty 
acids  alone.  The  lime  soap  of  the  American  chemists  contained  only 
the  acids  of  the  oil,  separated  from  its  glycerine;  the  entire  oil  was 
used  by  Engler.  From  his  crude  product  Engter  also  prepared 
an  illuminating  oil,  practically  indistinguishable  from  commerdal 
kerosene.* 

Analogous  experiments,  but  with  a  somewhat  chfferent  purpose, 
were  carried  out  by  W.  C.  Day.*  A  mixture  of  fish  (fresh  herring) 
and  resinous  pine  wood  was  distilled  from  an  iron  retort,  Ihe  process 
being  continued  to  complete  carbonization  of  the  residual  material. 
The  distillate  consisted  of  a  mixture  of  oil  and  water,  and  the  oil, 
upon  redistillation,  yielded  a  residue  closely  resembling  gUsonite. 
When  fiah  alone  was  distilled,  the  final  product  was  more  like  elater- 
ite.  Wood  alone  gave  a  similar  oil,  with  a  similar  residue  on  redis- 
tillation. In  this  research,  then,  artificial  asphalts  were  obtained, 
ctuiously  resembling  the  natural  substances.  They  also,  like  ordi- 
nary asphalt,  contained  some  nitrogen. 

Vegetable  oils  likewise  yield  hydrocarbons  upon  destructive  dis- 
tillation. S.  P.  Sadtler,*  for  example,  established  this  fact  with 
regard  to  linseed  oil,  but  the  nature  of  the  product  was  not  completely 
determined.  Eogler'  obtained  hydrocarbons  by  the  distillation  of 
colza  and  oUve  oils,  as  well  as  from  fish  oil,  butter,  and  beeswax. 
Furthiermore,  J.  Marcussoo '  cites  an  experiment  in'  which  pure  oleic 
acid  was  heated  for  several  hours  to  330°  in  a  sealed  tube.  On  open- 
ing the  tube  there  was  a  strong  evolution  of  gas,  and  in  the  re»due  a 

1  B«c.  DditKli.  olucD.  OneO.,  voL  U,  U88,  p.  UlS. 
■Idam,  voL  S3,  ISSB,  p.tO. 

■  Idam,  vdL  30,  ISeT,  p.  ZSBS.  A  pqMt  by  C.  Xsgler  and  E.  BdtbIii  on  artUlolBl  pabolnuti  ta  In  Z«ltadir. 
■ngew.  Cbvnto,  ToL  X,  U13,  p.  IIB. 

'ObBWitkoioonllnaadbyBedirood,  Fa(TolsuiiiuidltiprDdacl8,2dttl,TaL  l,p.2IKL 

•  Am.  Chera.  Jour.,  viO.  a,  18W,  p.  4T3. 

•  Frio.  Am.  FUlm.  Boa.,  voL  U,  1SD7,  p.  fiS. 

I  Oms.  tnUnut.  du  pdbole,  Paris,  1900,  p.  30. 

•  Cbsn.  Ziltuiig,  ToL  W,  ISOSfP.  IS). 
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product  was  found  which  completely  resembled  a  lubricating  o3  fn^  i 
petroleum.  These  examples  are  only  two  out  of  many  which  migt^ti 
be  adduced. 

OKtOIN  OF  FBTBOtEtTM. 

Probably  no  subject  in  geocbemktry  has  been  more  discussed  tha:n 
that  of  the  oii^  of  petroleum.  Theory  after  theory  has  been  pre— 
posed,  and  controversy  is  still  acUve.  The  evidence  is  abundant,  bu' 
contradictory,  and  leads  to  different  conclu^ons  when  studied  froic 
different  points  of  view. 

The  theories  so  far  advanced  may  be  (Uvided  into  two  categories — 
the  inoi^aoic  and  the  organic.  Let  us  examine  the  hypotheses  sepa- 
rately. The  earlier  speculations  connecting  the  fwmation  of  petro-  I 
leum  with  volcanic  phenomena  may  be  passed  over,  for  the  reason  that 
they  were  framed  at  a  time  when  essential  evidence  was  not  available. 
They  were  speculations,  notlung  more.  The  modem  era  b^ins  with  a 
memob  by  M.  Berthelot,'  published  in  1866. 

Berthelot  started  from  a  supposition  of  Daubr6e  that  the  interior 
of  the  earth  might  contain  free  alkaline  metals.  Upon  these,  as  Ber- 
thelot had  previously  shown,  carbon  dioxide  could  react  at  high  teni- 
peratures,  forming  acetylides  from  which,  with  watw,  acetylene 
would  be  generated,'  with  aU  of  its  possibilities  of  condensation  into 
higher  hydrocarbons.  The  weak  point  of  the  hypothesis,  which  Bw- 
thdot  only  advances  tentativdy,  is  that  no  evidence  exists  to  show 
that  the  alkaline  metals  are  present  in  an  uncombined  state  at  any 
point  below  the  surface  of  the  earth.  The  starting  point  is  a  pars 
assumption,  which  is  more  likely  to  be  erroneous  than  true. 

Leaving  out  of  account  the  oft-cited  paper  by  H.  Byasson,*  which 
has  no  present  value,  we  come  next  to  the  famous  carbide  theory  of 
D.  MendelSef,'  published  in  1877.  This  theory  presupposes  the 
existence  of  iron  carbides  within  the  earth,  to  which  percolating  waters 
gain  access,  generating  hydrocarbons.  If  such  carbides  exist  at  rea- 
sonable depths  below  the  surface  of  the  earth,  the  suggested  reactions 
would  presumably  take  place;  but  the  major  premise  is  as  yet 
unproved.  The  actual  existence  of  the  carbides  in  nature  remuns  to 
he  demonstrated. 

Mendel^of's  hypothesis  naturally  attracted  much  attention  and 
was  rendered  plausible  by  researches  like  those  of  Hahn,  ^t^lliams, 
and  Cloez  upon  the  production  of  hydrocarbons  from  cast  iron.  It 
was  still  further  strengthened  by  the  discoveries  of  Moisssn  in  his 
development  of  the  electric  furnace,  and  has  had  many  advocatea 

I  AnnakB  ctalm.  pbya.,  Itbser.,  vol.  S,  uas.  p.  481. 

■  CompL  Bond.,  voL  73,  ISn,  p.  SI1.    A  later,  s^mrata  brochure  by  Byusonl  haTenot  aeco. 

ID—  i>_>~.h  _!._  /1A...I1    — 1  in  •utt  _  i^g.  lour.Cham  Sac,T(iL33,p.3S3.    8M(tolIaBdriM> 
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^oissan  *  bimseOf  has  adopted  it,  and  also  suggested  that  volcanic 
explo^ons  may  perhaps  be  caused  by  the  action  of  water  upon  subt^- 
raneau  cwbides.  He  admits,  however,  that  some  petrolemna  are  pos- 
siUy  of  orgamc  origin.  The  presence  of  marsh  gas  In  volcamc  ema^ 
nations '  may  be  dted  in  support  of  Moissan's  suppositions,  but  this 
well-recognized  fact  can  be  interpreted  otherwise.  Another  favorable 
datum  has  been  furnished  by  O.  Silvestri,*  who  found  in  basaltic  lavas 
from  near  Etna  both  liquid  oils  and  a  solid  paraffin  which  melted  at 
56°.  Similar  observations  have  been  made  by  A.  Brun,*  in  his  study 
of  the  Javanese  volcanoee.  He  r^ards  the  petroleum  of  Java  as  of 
volcanic  origin.  But  these  oils,  as  well  as  the  marsh  gas,  may  con- 
ceivably have  been  formed  either  through  a  direct  union  of  carbon 
and  hydrc^en  or  from  material  distilled  by  volcamc  heat  out  of 
adjacent  sedimentary  rocks.  The  same  considerations  also  appty 
to  the  petroleum  field  near  Tampico,  Mexico,  as  described  by  E. 
Ord6aez,'  which  is  cited  by  E.  Coste  *  in  support  of  his  elaborate 
argument  in  favor  of  the  inorganic  origin  of  petroleum.  In  this  field 
the  oil  rises  close  to  volcanic  cones;  which,  however,  have  been 
forced  up  through  a  great  thickness  of  Cretaceous  shales.  The  possi- 
bility of  a  distillation  of  oil  from  oiganic  matter  in  the  sediments 
must  here  be  taken  into  account. 

A  different  line  of  investigation  relative  to  the  genesis  of  petroleum 
is  that  proposed  tentatively  by  Q.  F.  Becker.^  If  petroleum  is 
derived  from  iron  carbides,  as  the  inorganic  theory  assumes,  there 
should  be  magnetic  irr^ularitiee  in  oil-bearing  regions.  This  he 
finds  to  be  the  case  in  the  Appalachian  oil  field,  where  the  lines  of 
magnetic  declination  are  sensibly  deflected.  Similar  irr^jularities 
appear  in  the  oil  fields  of  California,  and  magnetic  disturbances  are 
also  recorded  in  the  region  of  the  Caucasus.  The  observations  are 
not  absolutely  conclusive,  but  they  are  compatible  with  the  inoi^anic 
theory. 

Two  other  speculations  upon  the  genesis  of  petroleum  from  inor- 
ganic matter  remain  to  be  mentioned,  if  only  for  the  sake  of  com- 
pleteness. N.  V.  Sokoloff,*  in  1890,  argued  that  the  bitumens  are  of 
cosmic  origin,  formed  initially  during  the  consolidation  of  the  planet, 
inclosed  within  the  primeval  magma,  and  since  emitted  from  the 
earth's  interior.    In  support  of  this  conception  he  cites  the  occasional 


Compt  Reod.iVoLlZl,  18M>,p.  14S2.    Sm  also  S.  ICeunkr,  ld«m,  voL  123,  UW,  p.  1317. 
B«iuta,CliBplerVm. 

OUL  chlm.  ItaL,  voL  7, 1877,  p.  1;  vol.  12, 1882,  p.  ». 
AiclL  acL  phya.  lut.,  4th  wr.,  vol.  71,  IMN,  p.  lU. 
lUn.  uid  ScL  PittB,  vol.  W,  1W7,  p.  3*9. 

laa.  rmi«,Han  Uln.  Inst.,  vd.  12,  iwe,  p.  VTi.  For  millir  pqMn  b;  Costa  »•  ths  nu 
!(■»,  p.  7a,  >nd  TiBiu.  Am.  Inst.  Hlu.  Enc-,  vol.  3^  IMS,  p.  3SS.  S.  Rlgouil  (B«v.  w 
■K.,  TOl.  31,  IBiO,  p.  145)  bu  »l>o  WEU«din  bror  of  tba  iDajaniD  art 
Boll.tJ.  S.  0«(d.  BoTTsyNo.OljlMN. 
Bull  Soo.  Imp.  Dst.  Ktmaoa,  new  acr.,  vol.  3, 1800,  p.  120. 
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finding  of  hydrocarbons  in  meteorit€8,'  cases  in  which  the  possibility 
of  an  oi^anic  origin  seems  to  be  absolutely  excluded. 

The  other  speculation  is  that  of  O.  C.  D.  Ross,*  who  has  tried  to 
show  that  petroleum  may  originate  from  the  action  of  solfataric 
gases  upon  timestonee.  Boss  wrote  various  chemical  equations  to 
show  how  die  reactions  might  occur,  but  they  are  improbable  and 
experimeoitally  unverified. 

.  It  will  be  seen,  upon  consideration,  that  these  ino^^anic  thetHws 
concerning  the  origin  of  petroleum  relate  not  only  to  its  proximate 
genesis,  but  to  fundamental  questions  of  cosmology.  Sokoloff's 
hypothesis  is  an  indication  of  this  fact,  and  the  assumption  of  carbides 
withio  the  earth  represents  an  efiEort  in  tiie  same  direction.  An  illns- 
tration  of  this  implication  is  to  be  found  in  Lenicque's  remarkable 
memoir,'  whidi  was  cited  in  Chapter  II  of  tiiis  volume.  If  the 
molten  globe  had  at  any  time  a  temperature  like  that  of  the  electric 
furnace,  carbides,  silicides,  nitrides,  etc.,  would  be  among  tlie  earliest 
compoirnds  to  form,  and  oxidation  could  not  begin  until  lata-. 
Under  such  conditions  some  carbides  might  remain  unozidized 
through  many  geolt^c  ages,  to  be  readied  by  percolating  waters  at 
the  present  day.  The  development  of  hydrocarbons  would  thai 
inevitably  follow,  although  to  what  extent  they  might  be  subse- 
quently consumed  no  one  can  say.  The  theory  is  plausible,  but  is  it 
capable  of  proof  1  Furthermore,  does  it  account  for  any  accumula- 
tions of  petroleum  such  as  yield  the  commercial  oils  of  to-day  t 
These  ess^itial  questions  are  too  often  overlooked,  and  yet  they  are 
the  main  points  at  issue.  We  may  admit  that  hydrocarbons  are 
formed  within  volcanoes,  hut  the  quantities  definitely  traceable  to 
such  a  source  are  altogether  insignificant.  Bitumens  occur  in  small 
amounts  in  many  igneous  rocks,  but  never  in  lat^  volume.  'Hiey 
are,  moreover,  absent,  at  least  in  significant  proportions,  from  the 
Archean,  and  fitst  appear  abundantly  in  Paleozoic  time.  From  the 
Silurian  upward  l^ey  are  plentiful,  and  commonly  remote  from  great 
indications  of  volcanic  activity.  Even  suc^  an  occurrence  as  that  of 
the  Pitch  Lake  in  Trinidad,  where  asphalt  is  associated  with  ttien&al 
waters,  does  not  necessarily  imply  a  community  of  origin.  It  is  at 
least  conceivable  tiiat  the  solfataric  springs  may  have  acted  upon 
sedimentary  accumulations  of  oil,  partly  by  vaporizing  the  latter  and 

1  Sm  F.  WShlv,  Llablg^  Aimilan,  vol.  IW,  18tB,  p.  SM,  on  carbon  ooatpoDDdilii  the  matanito  fli  KUa, 
Bongary.  AlioS.lIiaiikr,CoinptB«Dl.,TOl.IWI,U8t,p.>70,antli*tiiBt«arlMa(UgI>«l,Ri^fc  A.E. 
NorilsaBklM  (Poggtndorf'i  Aniulan,  T<d.  141, 1870,  p.  W)  toaml  (aibouMMOoi  matter  In  tha  mMaa^ 
BMalt,  Swttlani  and  O.  TKiluraiak<8lliunpb.  K.  WIN.  AkwL  Win,  Tol.SS, Abtlu  3, 1870,  p.8St}r«pafti 
0.8Sp<rc«nt  ot  ■hrdnKWbonln  tli«iloneTlilohMlat  Oaalpan.Indh.  nwvtU-kninni  oiaMaiot 
Oisuell,T'i«ikM,andCaldB(AkaTaU,  South  Africa,  wen  iHselyoubonacaotu.  On  Oigiwn,  na  B.  Ooh, 
Campt&aiid.,val.  fiV,  1W4,  p.gT.  On^iliita  and  amoptioDi  carbon  an  oaiiunaaIiiiaatanltli,BiidhiiaDB 
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SO  bringing  it  to  the  Binface,  wid  partly  by  effecting,  with  the  aid  of 
steam  and  Bulphur,  the  condensations  or  polymerizations  that  are 
observed,  l^ese  considerations  serve  to  show  the  need  of  great 
caution  in  dealing  with  this  class  of  problems  and  to  warn  ua  against 
hasty  generalizations.  Speculations  based  upon  individual  occur- 
rences of  petroleum  are  of  very  little  value.  The  entire  field,  in  all 
of  its  complexity,  must  be  taken  into  account. 

Admitting  ih&t  methane  is  sometimes  formed  as  a  volcanic  emana^ 
tion,  we  must  also  recognize  the  fact  that  it  is  more  commonly  of 
oi^anic  origin.  Its  popular  name,  "marsh  gas,"  is  verbal  evidence 
of  ita  derivation  from  decaying  v^etation.  Ordinarily,  it  is  genw- 
ated  in  apparently  small  amounts,  but  gas  in  Iowa  wells  has  been 
described '  which  occurs  in  the  drift  and  seems  to  be  of  v^etable 
origin.  Buried  v^etation  alone  can  account  for  its  developm^t 
iinder  the  observed  conditions. 

Apart  trom  the  natural  occurrences  of  mar^  gas,  either  in  swamps 
or  as  the  "fire  damp"  of  coal  mines,  its  artificial  production  has  been 
studied  experimentally.  F.  Hbppe-Seyler '  and  H,  Tappeiner  *  have 
shown  that  it  is  formed  by  the  fermentation  of  cellulose,  tt^ether 
with  carbon  dioxide  and  free  hydrogen.  During  the  decay  of  sea^ 
weeds,  howevo:,  according  to  F.  C.  Phillips,*  a  little  methane  is  at  first 
evolved,  the  generated  gases  consisting  laigely  of  carbon  dioxide, 
hydrogen,  and  nitrogen.  The  apparatus  in  which  the  experiment  was 
performed  was  allowed  to  stand  in  position  for  two  and  a  half  years, 
and  during  that  time,  following  the  first  rapid  evolution  of  gas,  a  very 
slow,  continuous  production  was  observed.  At  the  end  of  the  period 
the  gas  consisted  of  methane.  Philhps  concludes,  from  this  evidence, 
that  buried  vegetable  matter,  after  a  brief  era  of  rapid  gas  evolution, 
may  pass  into  a  condition  of  extremely  slow  decay  when  methane  is 
generated.  It  is  possible,  however,  tliat  methane  is  not  the  only 
hydrocarbon  thus  produced. 

From  data  of  this  kind,  and  from  the  experiments  cited  in  the  pre- 
ceding secti(Hi  of  this  chapter,  it  is  evident  that  hydrocarbons  analo- 
gous to  natural  gas,  petroleum,  and  asphalt  may  be  derived  either 
from  animal  or  v^etable  matter,  or  from  both.  This,  I  think, 
admits  of  no  dispute,  but  argument  is  possible  relative  to  the  genesis 
of  the  larger  accumulations  of  mineral  oil,  Engler's  researches 
have  led  to  a  widespread  behef  in  the  animal  origin  of  petroleum, 
although  Uie  details  of  the  transformation  process  are  very  diversely 

>  Bw  A.  O.  Letmam,  Froc.  lom  Agad.  ScL,  toL  t,  p.  41.  F.  U.  WItUc  (Am.  Oeologbt,  t<J.  »,  ISn, 
p.  310)  hM  dacrlbad  a  gas  wall,  about  100  (Set  dnp,  ii«ar  LMla,  lowi. 

■  fi«.  OentKh.  idum.  OteeU.,  vol  la,  1SB3,  p.  122. 

■Id(ai,pp.lT3<,lTML  SmalioL.  FopoS,abstiactliiJoai.Ctaem.  Baa,vid.28,  lSTS,p.  120R,aDgaafram 
linr  mod  near  mw*'  (qMnlngi. 

•  An.  Cbm.  Jour.,  toL  le,  IBM,  p.  437. 
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interpreted.*  Engler '  hiinself  ascnbea  the  derivation  of  petroleum 
from  animal  remains  to  a  puta^factive  process,  which  removes  the 
nitrogen  compounds.  The  fats  remain,  to  be  altered  by  heat  and 
pressure  *  into  hydrocarbons,  whose  boiling  points  lie  below  300"^; 
and  these  later  imdergo  a  partial  autopolymerization  into  denser 
forms.  How  ff^  suck  a  polymerization  may  be  possible,  if  indeed 
it  is  possible  at  all,  is  a  matter  of  uncertainty.  C.  F.  Mabery  *  holds 
that  the  changes  are  always  in  the  opposite  direction  and  that  the 
more  complex  hydrocarbons  are  formed  first,  partially  breaking 
down  afterward  into  lower  members  of  the  series.  J.  Marcusson ' 
holds  the  same  view.  The  putrefactive  removal  of  the  albuminoid 
substances  is  also  to  bo  questioned,  and  it  is  certainly  not  universaL 
The  nitrogen  bases  of  California  petroletmi  furnish  perhaps  the 
strongest  evidence  that  the  proteids  conbibute  their  share  to  the 
make-up  of  petroleum,  and  show  also  that  these  particular  oils  are 
of  animal  origin. 

Several  other  writers  have  brought  evidence  to  bear  in  favor  of 
the  derivation  of  petroleum  from  fish  remains,  Dieulafait  ■  observed 
that  the  copper  shales  of  Mansfeld  are  strongly  impr^nated  with 
bitumen,  and  also  rich  in  fossil  fish.  The  petr(deum  of  Galicia  is 
always  associated  with  menilitic  schists  in  which  fish  remains  are 
peculiarly  abundant.  C.  Engler '  cites  some  computations  by  Szaj- 
nocha,  to  the  effect  that  the  annual  catch  of  herring  on  the  nortii 
coast  of  Germany  would,  if  its  fats  were  half  converted  into  petro- 
leum, yield  in  2,560  years  as  much  oil  as  GaUcia  has  produced.  G.  A. 
Bertets,'  on  the  other  hand,  attributes  the  Caucasian  petroleums  to 
the   decomposition   of  mollusks.     In   the   Kuban   district,   the  oil, 

1  For  a  vtty  complelv  lummar;  ot  all  ths  hfpothcscs  relatlva  to  the  fmuUon  of  petroleum,  SM  EJKer, 
Das  EidOI,  1M«,  pp.  iaO-S2a.  See  also  Redwood,  Pstrolaum  and  Its  produoU,  voL  1,  IMM,  w.  aS0-3SL 
OlheraumniailcsBttby  Alsfninum,  ZdlBchi.  uigaw.  Clieiiila,lg(l3,  p.  739;  Idem,  18M,p.  113;  C.  Elemoit, 
Bull.S«0.belgegAiiL,TaLll,prDC.V(rb.,l£9T,p.7^  R.  Zubs-, Zeltscbr.  prakt  Oadogie,  18>8, p.  SI;  aid  E. 
On<)u,BuIl.Oeot.8()C.Anieilcs,Tol,S,tS07,p.S5.  VoynoeDtiiumolrBaiittiaBabJsctHnbyP.DeWada, 
Aich.  BcL  pbyi.  nat,  *tb  ser.,  vol.  23, 1907,  p.  6S»,  and  C.  Keubaig,  Sitmugsb.  K.  Aliad.  Wis.  B«riln, 
Hay  IE,  1907. 

>  Ber.  Seutoch.  chem.  OnalL,  voL  30,  ISBT,  p.  issa.  Fv  more  ncent  arUola  by  Engkr  ace  ZBttscfar. 
angew.  Chemie,  toL  21,  IMS,  p.  ISSfi;  Vntundl.  notunrbs.  Vtrains,  Karlsnihe,  MOS,  voL  30,  p.  fiS;  and 
Compt.  rend.  Conf.  fntarnat,  p^trole,  Bucanat,  ISIO,  vol.  2,  p.  1.  Thelast-BomRlToluiaeoantaliisman; 
papen  on  various  sublecta  relotlcig  to  petroleum. 

t  The  Imporlaiwa  of  piesaura  In  petndeum  formatlcm  mi  also  urged  by  O.  Kriwes  and  W.  Bottdui 
(Ber.  Deutsoh.  cbem.  OeaeU.,TaL30, 1S87,  p.  WG),1d  thetr  comparboo  orthe  hydroiarbons  contained  la 
petroleum  and  coal  oil  or  ttu.  H.  Uonke  and  F.  Be^achlag  (Zeltschi.  prakt.  Oeologle,  1W5,  pp.  1,  U,  Ul) 
emphaslie  the  putntacttve  prootas,  wlilch  yields  petroleum,  aa  compared  with  the  caibonldnc  (uxtoess, 
which  (trms  ooaL 

•  Jour.  Am.  Chem.  Sac.,  voL  18,  IMS,  p.  129. 

•  Chem.  Zeltung,  toL  30, 1806,  p.  788. 

•  cited  by  A.  Jaccaid,  Aich.  scL  phys.  uat,  3d  MT.,  loL  34, 1890,  p.  loe. 

'  Bar.  Deatscb.  chem.  Oesell.,  ToL  S3, 1*00,  p.  16.    Bee  also  Cong,  iutemat,  dupetrole,  lllO0,p.ia. 

•CItedbyHiUer,  DosEidSI,  lOOe,  p.319.  P.  Hornung  (Zeltschi.  DeulsGh.  geoL  (KaelL,  vd.  ST,  Uo- 
nalsb.,  IDOS,  p.fi31)aigueslDhiTarotfiiiiei  as  the  raw  material  cd  petroleum.  Beeabo  J.  I.  labo,  lahrtk 
K.-k.  geoL  BekibaanstBlt,  toI.  ti,  1893,  p.  WI.  For  argumenta  against  the  thaixy  at  Eni^,  Me  D.  Pan- 
taoellI,BuU.8ao.geoL[tB].,  vol.  3S,  1908,  p.  796.  Factanelli  seems  to  tava  the  inctganto  criKtn  ot  piteo- 
iaum.   W.  Ipatlef  (Joui.  prakt.  Chem.,  ler.  3,  toL  84, 1911,  p.  800)  favora  ths  nganlo  odgto. 
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accompanied  by  salt  water,  exudes  directly  from  beds  of  moUuscaa 
remwis,  wbich  occur  in  enormous  quantities. 

Engler,  of  course,  was  not  the  first  to  advocate  a  derivation  of 
petroletmi  from  animal  remains.  Hin  views  have  received  special 
attention  because  of  their  experimental  basis.  C.  Ochsenius,.*  for 
instance,  has  sought  to  connect  the  formation  of  petroleum  with  that 
of  the  mother-liquor  salts  which  accumulate  during  the  last  stage 
of  the  evaporation  of  sea  water.  According  to  this  writer,  petroleum 
is  generated  from  marine  organisms,  preferably  the  la:^er  forms, 
which  are  buried  beneath  air-tight  sediments  and  slowly  acted  upon 
by  the  above-named  saline  residues.  As  an  argument  in  favor  of 
this  hyjHitheeis,  he  calls  attention,  as  many  others  have  done,  to  the 
common  association  of  brine  with  petroleum,  and  cites  analyses  of 
such  waters.  This  association  of  salt  and  oil  is  strongly  emphasized 
by  L.  Mrazec*  in  his  studies  of  Roiunanian  petroleum.  F. 
Heusler '  also,  while  indorsing  Englei^s  principal  conclusions, 
invoked  the  aid  of  altmiinum  chloride  as  an  agent  in  effecting 
a  polymerization  of  the  hydrocarbons.  According  to  Ochsenius's 
theory,  magnesitmi  chloride  was  the  active  substance.  These  sug- 
gestions are  of  very  little  value,  for  the  reason  that  the  laboratory 
reactions  with  alumiaum  chloiide  are  effected  with  the  anhydrous 
salt  and  not  with  its  hydrolyzed  aqueous  solutions.  It  is  not  shown 
experimentally  that  the  latter  would  b^  effective,  nor  does  aluminum 
chloride  occur  in  any  notable  quantity  in  natural  waters.*  A  more 
probable  function  of  the  salts,  according  to  R.  Zaloziecld,"  is  to  retard 
end  modify  the  decay  of  animal  matter  on  or  near  the  seashore,  and 
so  to  give  time  for  its  transformation  into  petroleum.  The  latter 
process  need  not  be  very  slow,  for  E.  Sickenberger '  has  shown  that  in 
small  bays  of  the  Red  Sea,  where  the  salinity  reaches  7.3  per  cent, 
petrolexmi  is  actually  forming  as  a  scum  upon  the  surface  of  the  water. 
living  forms  are  abimdant  in  these  bays,  and  their  remains,  after 
death,  furnish  the  hydrocarbons.  The  latter  are  to  some  extent 
absorbed  into  the  pores  of  coral  reefs,  and  so  contribute  to  the  format 
tion  of  bituminous  limestones.  A  still  earlier  publication  by  O.  F, 
Fraas,''  contains  data  of  similar  purport.     Fraas  found  in  Egypt 

1  Cham.  Zshang,  vol.  IS,  1S91,  p.  SaG,  aod  Ztitacbr.  D«atach.  geoL  OshU.,  voL  48, 18M,  p.  33«.  See  sbo 
bli  papen  dted  (n  ChapUi  VII,  ante. 

•  Compt.  rend.  Cong.  IntHnat.  peirola,  Bucamt,  !«0,  ToL  S,  p.  80.  Also  L'indurtrle  du  pAtrola  en 
Bounuijile,  Bncanet,  ISia  The  pnaence  oE  methane,  ethuie,  etc..  In  rock  salt  bat  been  studied  b;  N. 
CoatAcheBcQ,  AmialM  scL  Unlr.  laasy,  vol.  4,  IMS,  p.  a.  On  the  animal  crlgln  of  petiolBiun  see  also  L. 
BbsK,  Insue.  Diss.,  Zmkb,  IS83. 

I  ZefUchr.  angev.  CbamlB,  lg9S,  pp.  IRS,  3IS. 

•  A  poesIUe  exception  to  thb  sCetement  li  cUed  by  Ochsnliu  (Zeltidir.  Deatsdi.  geoL  QeselL,  vol.  43, 
M,  p.  339),  who  mentions  a  mler  eonlsfaihig.  In  Its  eaUd  residue,  23.91  per  cent  of  AlCli.    This  watei 


>  Cham.  Zeilunc,  vol.  IE,  imi,  p.  UOS. 

•  Idem,  p.  IGS. 

•  BulL  Soo.  ad.  not.  NeOcUtel,  nL  8, 1W8,  p.Si.    See  alio  F.  C.  FhUIpe,  Fmc.  Am.  PhOoa.  Boe.,  voLM, 
im,  p.  131,  on  patiolaam  bidbnd  in  liieillg. 
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sheUs  filled  with  bitumen,  and  noticed  that  the  bituminous  beds  were 
rich  in  fossils,  while  the  nonbituminous  strata  were  poor.       Tn  the 
region  of  the  Dead  Sea,  also,  Fraos  noticed  that  bitumen  was  abundant 
in  beda  of  bacuUtee,  from  which  it  exudes  to  accumulate  upon  the 
shore.    In  this  connection  it  may  well  he  noted  that  the  brines  nrliich 
are  so  often  associated  with  petroleum  have,  as  a  rule,  a  coin{>ositi(Ht 
indicative  of  a  marine  origin,  and  do  not  resemble  solfataric  or  t'oI- 
canic  waters.*    Furthermore,  Mendel^ef's  objection  to  the  possibility 
of  forming  petroleum  at  the  bottom  of  the  sea — namely,  that  l>eiDg 
hghter  than  water  it  would  float  away  and  be  dissipated — ia  not  only 
negatived  by  Sickenberger's  observations,  but  also  by  the  weU-known 
fact  that  mud  and  clay  are  capable  of  retunii^  oily  matters  mechajt- 
icaliy.    The  littoral  sediments  probably  aid  in  the  process  of  petro- 
lemn  formation,  if  only  to  the  extent  of  retaining  the  fatty  substajioes 
from  which  the  oil  is  to  be  produced.    The  beds  of  sulphur  which  occur 
adjacent  to  some  oil  weUs,  notably  in  Texas,  were  probably  formed 
by  the  reducing  action  of  organic  matter  upon  sulphates,  such  as 
gypsum,  a  mineral  which  is  often  associated  with  marine  deposits  and 
with  petroleum.     The  association  of  gas,  oil,  salt,  sulphur,  and  gyp- 
sum, which  some  writers  have  taken  as  evidence  of  former  volcaniazn, 
is  much  more  simply  interpreted,  both  chemically  and  geologically, 
as  due  to  the  decomposition  of  oi^anic  matter  in  shallow,  highly  saHne 
waters  near  the  mai^in  of  the  sea. 

The  derivation  of  potroleimi  from  v^etable  remains  has  had  many 
advocates,  although  the  hypotiieses  have  not  all  been  framed  on  the 
same  lines.  L.  Lesquereux,'  studying  the  Devonian  oils  of  the  eastern 
United  States,  ai^ed  in  favor  of  their  derivation  from  cellular 
marine  plants,  especially  f  ucoids,  whose  remains  abound  in  the  petro- 
liferous formations.  Ligneous  or  fibrous  plants,  on  the  other  hand, 
yield  coal.  This  hypothesis  led  Vouga  *  to  surest  tiiat  great  masses 
of  fucus,  like  those  of  the  Sargasso  Sea,  might  sink  to  the  bottom  of 
the  ocean,  and  there,  decomposing  under  pressure,  could  yield  petxo- 
leum.  Redwood  *  states  that  the  salt  marshes  of  Sardinia  are  some- 
times covered  by  sheets  of  seaweed,  which  are  in  process  of  decompo- 
sition into  an  oily  substance  resembling  petroleum,  and  similar  occur- 
rences have  been  noted  on  the  coast  of  Sweden.  These  phenomena 
are  probably  not  exceptional,  and  deserve  a  more  precise  examination 
than  they  have  received  hitherto.    An  observation  by  W.  L.  Watts* 

■  Th«  walan  acoompanylug  tba  lupbtha  ol  tba  Qnsay  district,  Bussli,  u  auljiad  noeoUy  by  E. 
CbariCsdikofl  (Cbem.  ZeltimCi  IWT,  p.  39G),  ■ppcar  to  be  uMptkiiiBl.  In  Uwae  sodlnni  tarboDUa  ta  mm 
abuodant  tban  the  dblnride,  and  taUa  of  amnutniam  and  Uu  amlnei  an  alao  [VMUit. 

■  BnlL  Soo.  Ml.  nal.  NeucUUl,  ToL  7, 1886,  p.  234. 

I  B««  dbanskin  fblloirliig  L«squeceuz's  immmimkatkin. 

<petroleumaQilltspnidiKt9,2d«d.,  vol.  1,  pp.  128, 142. 

•  BulLCalllonilaStatBMlii.Biir.No.ia.p.aos.  Sea  aba  Bull.  No.  B  for  man  dMalb.  In  BulL  No.  II, 
Un, A. 8. Coopn-dlaeiuauMlengthUuguimtaDrpetnileDiaHiuluphalCinCaUfDiiils.  BuUa.N<is.Uaiid 
82  abet  nilate  to  tbb  sabjsct. 
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that  the  saline  waters  associated  with  petroleum  in  the  cenifal  valley 
of  California  are  imusually  rich  in  iodine  appears  to  have  some  relation 
to  this  class  of  hypotheses.  Watts  connects  this  iodine  with  the 
familiar  content  of  iodine  in  seaweed,  and  r^ards  the  latter  as  a 
probable  source  of  this  particular  oil. 

Data  of  this  class  might  be  multiplied  almost  mdefinitely.  For 
instance,  C.  E.  Bertrand  and  B.  Renault '  have  shown  that  Boghead 
mineral,  torbanite,  and  kerosene  shale,  from  which  oils  are  distilled, 
are  derived  from  gelatinous  atgte,  whose  remains  are  embedded  in 
what  was  once  a  hrown  humic  jelly.  This  observation  may  be  cxa- 
related  with  the  views  advanced  by  J.  S.  Newberry  '  and  S.  F.  Peck- 
ham,*  who  rt^ard  the  liquid  petroleums  as  natural  distillates  from 
carbonaceous  deposits,  which  latter  were  laid  down  at  depths  below 
the  horizons  where  the  oil  is  now  found.  The  heat  generated  during 
metamorphism  is  supposed  to  be  the  dynamic  agent  in  this  process, 
although  many  productive  r^ons  show  no  evidence  that  any  violent 
metamorphoses  have  ever  occurred.* 

la  1S43  E.  W.  Binney  and  J.  H.  Talbot '  reported  a  peculiar  occ?it- 
rence  of  petroleum  permeating  a  peat  bog,  Down  Holland  Moss,  not 
far  from  Liverpool,  England.  The  origin  of  thia  oil  was  obscure, 
but  was  attributed  by  the  authors  to  an  alteration  of  the  peat  itself, 
a  mode  of  genesis  which  later  writers  have  doubted.  J,  S.  New- 
berry,' however,  statea  that  in  the  Bay  of  Marquette,  where  the  shore 
consists  of  peat  overlying  Archean  roclis,  bubbles  of  marsh  gas  arise, 
together  with  drops  which  cover  the  surface  of  the  water,  in  spots, 
with  an  oily  film.  The  following  investigations  seem  to  bear  upon 
the  problems  su^ested  by  these  observations: 

In  1899  A.  F.  Stahl '  and,  independently,  G.  Krilmer  and  A.  Spil- 
ker*  called  attention  to  a  possible  doivation  of  petroleum  from 
diatoms,  which  abound  in  certain  b<^.  These  organisms,  accord- 
ing to  Er&mer  and  Spilker,  contEun  drops  of  oily  matter,  and  from 
diatomaceous  peat  a  waxy  substance,  resembling  ozokerite,  can  be 
extracted.*  Tlie  theory,  based  upon  these  data,  is  briefly  as  fol- 
lows: A  lake  bed  becomes  filled  in  time  with  diatomaceous  accumu- 
lations, over  which  a  cover  of  other  growths  or  deposits  is  formed. 

■  Compt.  Band.,  VOL  117, lae, p.m.  B«BtIaoB«ItI*iHI,Collq)t.niid.Vm  Cong. cCaL  tntvnnt., IWO, 
p.  498.  AooordlDgloE.  C.  Jeltr«]r(Proii.Ani.And.ATl«andSd.,ToL4(l,lB10,p.373;,  thesuppogedEclat- 
iDDai  tlgra  an  the  spiatB  of  Tiacolac  cryplo(iiiu. 

■  Oulogfol  Ohio,  VOL  1,1873,  p.  US.  Se*  ilmil  nilki  p^xr  b;  Kevbairy,  Rock  oOa  o(  Olik>,  In  Four- 
tUDth  Aim.  Rapt.  Ohio  81aU  Board  Agr.,  UE9,  p.  S06. 

•  Proo.  Am.  PbUos.  Boc.,  tdL  10,  ISaS,  p.  MS;  ToL  37,  IS98,  p.  108. 

1 B,  Stmnme  (CentnlbL  Uln.,  a«oL  O.  FkL,  IMS,  p.  171)  haa  shown  that  tha  polymu-liatkm  of  pMrolMun 
maf  ltHl(g«naratc  h«at. 

>  PubUah«d  In  Tana.  Uanch<sl«'  OeoL  Boa.,  vol  8, 18S8,  p.  U.  Curkiuiily,  ■  I>t«r  pap*  bj  Bbmsr 
WP<ara  ■aiUo',  namely,  b  ToL  3,  ISOO,  p.  B. 

•Annals  New  Ytrk  Aiad.  BcL.toL  2,  ISSa,  p.  Z77. 

'Oiem.  ZelliUlg,Td.£3,  UM,p.lM.    ALnnotelnTol.  80,  IMO.p.  IS. 

•  £cr.  D«ita^tluin.a«aen.,VDl.32, 188S,p.2M0;  Tol.  36,  IMZ,  p.  12U.  Ciltlclim  by  En|to  bi  vol.  }g, 
l«U,p.7. 

■  Bee  also  C.  £.  Oalgaet,  Compt.  Rend.,  toI.  U,  ISSO,  p.  888,  en  wax  trom  peat  .  ~  i 
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By  decay  of  the  oi^^anic  Bubstaocee,  ammoniuia  carbonate  is  pro- 
duced, which  hydrolyzee  the  wax,  and  from  the  resulting  a«»d  carbon 
dioxide,  carbon  monoxide,  and  water  are  gradually  eliminated. 
Ozokerite  is  thus  formed,  which,  at  moderate  temperatures  and  nnda* 
pressure,  becomes  converted  into  liquid  petroleum.  With  higher 
temperatures  and  pressures,  in  presence  of  sulphur,  heavier  oils  ajid 
asphalt  may  be  generated.  In  support  of  this  hypothesis  the 
authors  describe  a  lake  bed,  near  Stettin,  which  is  about  23  feet 
thick  and  consists  chiefiy  of  diatoms.  This  deposit  yields  a  wax  con- 
taining over  10  per  cent  of  sulphur,  and  from  it  a  hydrocarbon, 
reeembhng  the  lekene  from  ozokerite,  was  isolated. 

Kramer  and  Spilker's  views  have  not  met  with  very  general 
acceptance,  but  they  seem  to  contain  elements  of  vEdue.  H,  Potoni^'s 
hypotheses,*  for  example,  seem  to  be  a  broadening  of  Kramer  and 
Spilker's.  This  writer  calls  attention  to  the  "faulschhunm"  or 
"sapropel,"  a  slime,  rich  in  organic  niatter,  which  is  formed  from 
gelatinous  algie,  and  accumulates  at  tiie  bottom  of  stagnant  waters. 
Such  a  slime,  Potoni6  beUeves,  may  be  the  parent  substuice  from 
which  bitumen,  by  a  process  of  decay,  was  probably  derived.  In  tbis 
connection,  and  with  refereoce  to  ^e  adequacy  of  the  proposed 
source,  it  is  well  to  remember  the  enormous  accumulation  of  "oozes," 
namely,  the  radiolarian  and  globigerina  oozes,  on  the  bottom  of  the 
sea.  The  organic  matter  thus  indicated  is  certainly  abundant  enough, 
if  it  can  decay  under  proper  conditions,  to  form  more  hydrocarbons 
than  the  known  deposits  of  petroleum  now  contain.* 

These  remarks  upon  the  oceanic  sediments  at  once  suggest  an  intOT- 
mediate  group  of  hypotheses,  which  assume  a  mixed  origin  for  petro- 
leum. Animal  matter  in  some  cases,  v^etable  matter  in  others,  or 
both  together,  are  supposed  to  be  the  initial  source  of  supply.  A. 
Jaccard,*  for  example,  argues  that  the  liquid  oils  are  derived  from 
marine  plants,  while  the  viscous  or  solid  bitumens  may  originate 
from  mollusks,  radiates,  etc.  Some  oils,  agfun,  are  supposed  to  be  of 
mixed  ori^,  and  it  would  seem  probable  that  the  last  dass  is  the 
most  common.  Ideas  of  this  kind  have  repeatedly  been  enunciated 
with  reference  to  American  petrolemns— that  of  Pennsylvania  being 
attributed  to  marine  vegetation,  Uiat  of  California  to  animal  remains. 

1  N»tnr.  Waibmadbi.,  vol.  30, 1806,  p.  SW. 

■  Tb«M  OMloilD  Mdlmmta  are  cspecUly  Dotkcd  b7  Engte  h  ■  p«pcr  nad  iMfcra  Qie  piitR)!*^ 
la  IMO  (Coog.  taUtnat.  du  p^trole,  Fvta,  1900,  p.  ^).  &i  A.  Beeby  Tbompaai's  mtxiogimpb,  Ths  dl  flatdi 
ot  lUuite,  Landfill,  ie04,  pp.  SS-8T,  a  Ui«0T7  b  deralopcd  to  woounUor  Oie  probable  loimatkB  of  bttoilHU 
m  die  M> bottom.  TlioiDpeonregaidsfblinmaliiBUBiilmportintscuroeofxupptr.  O.  P,  Itlktiallarskl 
(Bull.  Com.  gdoL  St.  Petersburg,  vol.  li,  lOOB,  p.  31S)  darlvM  the  Caucaatut  patiolaam  from  mailnt  ndL 
meots.  C.  B.  Uanvy  (BulL  Oeid.  Survey  OMo,  No.  1, 1903,  p.  EU)  suggcsti  that  bacteria  have  bem  the 
«blat  «g«its  in  traiulDtmliig  otlur  cusuiio  matin  Mto  hydrocarbons. 

•  Edog.  OeoL  Balvet,  vd.  2,  Uao,  p.  ST.  SeaalM  Anh.  Ml.  phyi.  nat,  3d  an.,  vol.  23,  IttO,  p.  501;  vd. 
34,18«0,p.  loe.   iMnarditudlsdopecMIr  the  bitumens  ot  the  Juia. 
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The  American  literature  of  petroleum  u  rich  in  su^estions  of  this 
order.' 

It  has  long  been  known  that  some  petroleums  are  optically  active; 
that  is,  they  are  able  to  rotate  a  ray  of  polarized  light,  sometimes  to 
the  right  and  sometimes  to  the  left.  This,  according  to  P.  Walden,' 
gives  us  an  important  datum  toward  determining  the  origin  of 
petroleum.  Only  the  oils  derived  from  organic  matter,  Walden 
asserts,  can  possess  this  property,  the  hydrocarbons  prepared  from 
inorganic  materials,  such  as  metallic  carbides,  being  optically  inert. 
The  oils  distilled  from  coal,  which  is  evidently  of  v^etable  ori^, 
are  active;  and  petroleum,  which  has  the  same  peculiarity,  is  presum- 
ably formed  from  similar  materials.  The  activity  is  attributed  by 
some  writers  to  derivatives  of  cholesterin,  of  animal  origin,  or  else 
to  its  vegetable  equivalent,  phytosterin.*  Apart  from  this  detail  the 
general  conclusions  are  exceedingly  important,  but  need  to  be  more 
thoroughly  tested  before  they  can  demand  universal  acceptance. 
Tlie  presumption,  however,  is  strongly  in  their  favor. 

In  any  attempt  to  discover  the  genesis  of  petroleum  the  quantita- 
tive adequacy  of  the  proposed  somxies  must  be  taken  into  account. 
In  such  an  inquiry  superficial  observations  are  deceptive,  for  one  is 
apt  to  overrate  the  visible  and  productive  accumulations  which  fur- 
nish the  oils  of  commerce.  These  seem  lai^e,  but  they  are  relatively 
insignificant.  As  Qrton  *  has  said,  disseminated  petroleum  is  well- 
nigh  universal;  the  accumulations  are  rare.  In  certain  districts  the 
shales  and  limestones  are  generally  impregnated  with  traces  of  bitu- 
mens, which  seem  at  first  sight  to  be  insignificant,  but  which  really 
represent  enormous  quantities.  In  the  Mississippian  ("sub-C&rbo- 
niferous")  limestones  of  Kentucky  petroleum  is  generally  present. 
If  it  amounts  to  only  0.10  per  cent,  each  square  mile  of  rock,  with  a 
thickness  of  500  feet,  would  yield  about  2,500,000  barrels  of  oil. 
Even  more  striking  are  the  figures  given  by  T.  Sterry  Hunt,*  who 

I  In  addltlco  to  ths  mamoln  abeady  dted,  see  the  reports  of  ttie  Seoond  Oeol.  Surve;  Psmijlmila. 
Also  J.  A.  Bownockn,  OeaL  Surver  Ohio,  t\b  ur..  Bull,  No.  1, 1903;  S.  S.  Qocby,  Btxta«Dth  Ann.  Rcpt. 
Indluia  DepL  Oeol.  and  Nal.  Blat.,  1S88;  W.  S.  Blatcliler,  Idem,  Twenty-al^th  Ann.  Itept.,  1904:  ^. 
Bttworth,  Kcusea  Univ.  Oeol.  Survey,  vol.  1, 1898,  p,  232;  H.  P.  H.  BnuneH,  OeoL  Survey  Cuiads,  new 
Mr,,  Ann.  Rept.  S,  4,  ISBi:  end  W  J  UcGn,  Elevmlh  Ann.  R^t.  U.  B.  Oeol.  Survey,  pt.  1, 1891,  p.  £80, 
L.  Hsipcnth  (Bol.  Aiad.  nao.  efcD.  Cordoba  (Aigmtlna),  v<d.  18, 19W,  p.  U»)  bM  inbUabed  aloDg  memoir 
ca  petcDlenm  uid  mlt.  L.  V.  Dalton  (Beon.  aacdogy,  voL  4,  UOS,  p.  009}  advoMtcs  Uie  OEanla  origin  ol 
petroleum. 

>Ctaeiii.Ze]tun(,  vol.  3D,  l(IW,pp.39l,  1155,  lies.  WtidaidteammyaiBmideH  of  tbfeoptioal  101^49. 
Bee  also  Engler,  Idem,  p.  Til,  and  F.  W.  Buahong,  Scloice,  voL  38,  1913,  p.  39. 

'Sea  11.  Rakushi,  Cbem.  Zeltung,  vol.  30,  I90«,  p.  1D41;  Ba-.  Deutwh.  diem.  Oesell.,  vol.  42,  IMS,  pp. 
1311,  IMO,  «m;  3.  Uorcussoi,  Chem.  Zeltung,  vol.  31, 1907,  p.  4U;  vol.  32,  l«Oe,  pp.  377, 3B1;  R.  Albredit, 
Tnaag.  DIs!.,  Karlaulie,  1907;  L.  Ubbelohds,  B(r.  I>eut3ch.  dtem.  Oceell.,  vol.  12, 1909,  p.  XM2;  va.  43, 
1910,  p.  eoe,  B.  ZalofiaokJ  and  B.  Klaifeld  (Chem.  Zeitmig,  vot.  31,  1907,  pp.  lUU,  1170)  quation  tbe 
dioWtcrln  theory  and  hvoi  that  ol  FotonK.  Bae  also  Zalwleckl,  CmnpL  raid.  Cimg.  Intetnat.  pttrole, 
Buoarcat,191D,p,  ru. 

•TlrBtADii.  Kt^t.  Oeol.  Survey  Ohio,  1B90,  chapUr  11;  OaoL  Borvey  Soitucky,  Repert  en  o( 
d[  petroleum,  eto.,  U8S-89. 

•  Quualoal  and  gaokiglBal  lesaTi,  1876,  p.  138. 
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eetimates  t^at  in  the  limestone  of  Chica^,  with  a  thicknees  of  36 
feet,  there  are  7,743,745  barrels  of  oil  to  each  square  mile  of  territory. 
Figures  like  these,  together  with  the  computations,  preTioualy  cited, 
made  by  Szajnocba  relative  to  GaUcian  petroleum,  lead  to  the  con- 
viction that  the  formation  of  bitumens  is  a  general  process  and  by 
no  means  exceptional.  Wherever  sediments  are  laid  down,  inclosing 
either  animal  or  vegetable  matter,  there  bitumens  may  be  produced. 
The  presence  of  water,  preferably  salt,  the  exclusion  of  air,  and  the 
existence  of  an  impervious  protecting  stratum  of  day  seem  to  be 
essential  conditions  toward  rendering  the  transformation  possible. 
Seaweeds,  mollusks,  crustaceans,  fishes,  and  even  miax>scopic  oigan- 
isms  of  many  kinds  may  contribute  material  to  the  change.  In  some 
cases  plants  may  predominate;  in  others  animal  remains;  and  the 
character  of  the  hydrocarbons  produced  is  likely  to  vary  accord- 
ingly, just  as  petroleum  varies  in  different  fields.  In  one  region  we 
find  chiefly  paraffins,  in  another  naphthenee,  and  in  another  nitf<^e- 
nous  or  sulphureted  oils.  Such  differences  can  not  be  ignored,  and 
they  are  most  easily  explained  on  the  supposition  that  different 
materials  have  yielded  the  different  products.  On  this  class  of  prob- 
lems the  chemist,  the  geologist,  and  the  paleontologist  must  work 
t(^ether.  Physics  also  is  entitled  to  be  heard;  for,  as  D.  T.  Day* 
has  shown,  petroleum,  by  simple  filtration  through  fuller's  earth,  can 
be  separated  into  fractions  which  differ  in  density  and  viscosity  and 
are  therefore  of  different  composition.  Such  a  filtration,  or,  more 
precisely,  diffusion,  must  take  place  in  nature  wherever  migrating 
hydrocarbons  traverse  permeable  strata. 

By  whatever  class  of  reactions  petroleum  is  generated,  it  doubtless 
appears  first  in  a  state  of  dissemination.  How  does  it  become  con- 
centrated ?  This  question  does  not  fall  within  the  domain  of  chem- 
istry, and  can  not  be  properly  discussed  here.'  Probably  circulating 
waters  have  much  to  do  with  the  process,  but  whatever  that  may  be 
the  laws  governing  the  motion  of  liquids  must  inevitably  rule.  The 
oils  must  gather  in  proper  channels,  moved  by  gravitation,  or  by 
hydrostatic  pressure  of  waters  behind  or  below  them,  or  by  the  pres- 
sure of  dissolved  and  compressed  gases,  and  they  accumulate  in 
porous  rocks  or  cavities  under  layers  of  impervious  materiel.  Whai 
the  latter  are  lacking,  or  when  the  hydrocarbons  enter  large  areas  of 
porous  rocks,  they  may  be  either  evaporated  or  rediffused.  Pressure, 
temperature,  viscosity,  and  the  character  of  the  surrounding  rocks 

I  Cong.  faiUni&t.  p^Crole,  FBib,  1900,  p.  S3.  BMahDj.  E.  OUplnaiid  0.  E.  Bmuky,  Am.  CbmL  Jmr., 
Tol.44,  ieiO,p.  2fil;siidOIlplnaQdF.  Bdmwbvgo'iAm.Chaii.  J'mi.i'Tid.GO,  1913,  p.  n.  TtuMHittun 
Aow  (hat  [iillir'9  nrlh  eitrts  a  nlectlv*  ■bwciitlm  for  muBtnistad  hrdraoarbcDB  and  osaiiiii  ilpliMw. 

■FoTadl9Ciuskmo[thbpnili]«m,seeH.  BeiH,  nasErdOI,  lSD8,p.l23.    Aba  O.  L  Adama,  Tnoi.  A 
Usat.  Uta.  Eng.,  toL  33,  1903,  p.  340;  and  D.  T.  Dftj,  Idmi,  p.  UXS.    Ortcn's  npccti,  p      '      '      " 
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must  all  be  taken  into  account,  and  each  productive  area  needs  to  be 
studied  independently  with  reference  to  its  local  conditions. 

In  conclusion,  I  may  bo  allowed  to  suggest  that  nearly  all  of  the 
proposed  theories  to  account  for  the  or^in  of  petroleum  embody 
some  elements  of  truth.  Sokoloff's  cosmic  hypothesis  is  sustained  by 
the  fact  that  hydrocarbons  are  found  in  meteorites.  The  volcanic 
hypothesis  is  sustained  by  the  fact  that  hydrocarbons  occur  among 
volcanic  emanations.  The  organic  origin  of  petroleum,  however, 
seems  to  be  beet  supported  by  the  geologic  relations  of  the  hydrocar- 
bons, which  are  found  in  large  quantities  only  in  rocks  of  sedimentary 
character.  Any  oi^anic  substance  which  becomes  inclosed  within 
the  sediments  ma;  be  a  source  of  petroleum,  and  when  the  latter 
happens  to  be  rich  in  nitrogen,  animal  matter  was  probably  the 
initial  material.  There  ia  no  evidence  to  show  that  any  unportant 
oil  fidd  derived  its  hydrocarbons  from  inorganic  sources.* 

I  The  coDtroTcrsia  ralatlv*  to  th*  gtataSa  of  palndeum  bsTS  cnaM  a  TolDmlnoua  Utcrature,  of  rhkb 
ubIj  Out  mala  pututs  bava  tnoi  mtuldned  turn.    For  an  amllunt  nmmaij  of  Ihe  sutfiect,  Ma  Englcr 
•udBSrcr'gETMttnMlMDssEnlBt,  vol.  2,  I^lpiiK,  igos,  yp-W-lia.    Od tlw leDftlc raUtltau batw««n 
patcolMun  ukd  ccal  sm  David  Whits,  lour.  Wublngton  Acad.  Bd.,  vol.  S,  1915,  p.  IfO. 
97270°— BuU.  61ft— 16— 17 
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OntOIN  OF  COAIh 

Although  doubts  may  exist  as  to  the  origin  of  petroleum,  there  an 
none  whatever  as  to  the  essential  origin  of  coal.  It  is  obviously  de- 
rived from  ve^table  matter,  by  a  series  of  changes  which  are  plainh 
traceable,  even  though  their  mechanism  is  not  fully  understood 
Vegetation,  peat,  lignit«,  soft  coal,  anthracite,  and  some  graphitic 
minerals  form  a  series  of  substances  which  grade  one  into  another  is 
an  unbroken  line,  reaching  from  complex  oi^anic,  oxidized  com- 
pounds at  one  end  to  nearly  but  nob  quite  pure  carbon  at  the  other. 
All  these  bodies,  except  perhaps  the  last,  are  indefinite  znixtDres 
which  vary  in  composition,  and  it  is  therefore  impracticable  to  write 
chemical  equations  that  shall  properly  represent  their  tranafonma- 
tions.  Such  equations,  to  be  sure,  have  been  suggested  and  writto), 
but  they  embody  fallacies  which  are  easily  exposed.  They  start 
from  the  assumption  that  the  principal  initial  compound  containetl 
in  ve^tation  is  cellulose,  a  definite  carbohydrate  of  the  fonnok 
C,H„0„  which  gradually  loses  carbon  dioxide,  majsh  gas,  and  wattf, 
and  BO  yields  the  series  of  products  represented  by  the  different  kinds 
of  coal.*  This  assumption,  like  most  other  assumptions  of  its  class,  is 
partly  true  and  partly  false.  Celhiloee  is  an  importsnt  constituent 
of  ve^tablfl  matter,  but  it  stands  by  no  means  alone.  When  it 
decays,  it  loses  the  substances  named  above  and  it  also  undergoes 
other  changes  which  are  difficult  to  measure.  In  every  swamp  or 
peat  bog  the  watera  are  charged,  more  or  less  heavily,  with  sohible 
organic  matter  of  which  the  written  reactions  take  no  account.  Tim 
soluble  matter  is  found  in  the  waters  of  all  bogs  and  streams,  and  it 
is  just  as  much  a  factor  la  the  real  reactions  as  are  the  gaseous  prod- 
ucts or  the  solid  carbonaceous  residues. 

If,  instead  of  the  composition  of  cellulose,  we  begin  with  the  com- 
position of  wood,  we  shall  have  a  better  starting  point  for  our  series 
of  derivatives.  Wood  or  woody  fiber  is  by  no  means  the  tmly  sub- 
stance to  be  considered,  but  it  is  the  most  important  one,  and  its 

'  Tlw  tonnnhCiHiiOirBpfMmti  only  thscmplilcslccHiipaalCloaaf  ocllaloe,  and  net  Iti  Inu  molncnlK 
««l^it.  AaadlDitaA.NHtiikolT(Bv.  I>sulKh.cbnii.aaelL,  voLSa,  lH)0,p.lI37),  tbetraelcniab 
k  probaUr  MOAtOt,  or  CaiHwOw-  TLfa  May  b«  an  cxaggentloa,  but  Um  molooiilu  wdght  ctfedhjlia 
fa  c«tmln)7  bV^  Fcr  tn  atUmpt  to  wriU  nh»™i»-i  tqaatltma  npnaaaiias  oobI  (cnXkUcn,  (st  I.  F.  BvB- 
tMim,  Bdtr.  Qtopbj*.,  TOL  7,  IDOS,  p.  KIT. 
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ultimate  compodtion  has  been  well  det^mined.  Its  proximate  com- 
poBitdon  is  not  bo  dearly  known,  but  certain  aTailable  facta  are  per- 
tinent to  tiie  preaent  discnsaion.  It  contains  cellolose,  C,H„0|,  and 
a  subatance  known  as  lignone,  lignin,  or  lignocellulose,  in  about 
equal  proportions,  together  wi^  other  minor  organic  constitaento, 
such  as  gums  and  reeina,*  and  some  inorganic  matter  which  forms  its 
ash.  To  Ugnocellulose,  according  to  Cross  and  Beran,*  the  formula 
CuHuO,  may  be  assigned;  and  it  is  best  represented  by  jute  fiber, 
which  consists  almost  wholly  of  this  substance. 

If,  now,  we  compare  the  percentage  composition  of  cellulose,  ligno- 
cellulose, and  wood,  we  shall  see  how  imsafe  it  is  to  write  equations 
intended  to  show  the  derivation  of  coal  upon  the  basis  of  uther  defi- 
nite compoimd  alone.    The  data  are  as  fdlows: 

Compotilion  ofetUvioit,  lignoeellulote,  and  wxtd. 


[■rly  DcHUpatad. 


C  Tha  hrtngt  omnpcaltkiD  at  twanty-bur  voodi,  analytai  by  Petanm  and  BehSiUec,  Uablt'i  Ano^ 
hn,  voL  17,  ISM,  p.  IN.    Sunpte  diM  ud  Qurir  powdtniL 

D.  AvKage  of  tUrty^lx  mijaia  ctf  &v  dlffamit  modi,  br  E.  Cbarndhr,  AddiIm  tiUm.  litjt;  M 
MT.,T<>L10,lM4,p.US.    SamplB  dried  IcvMOO  at  lid'. 

E.  AnnflBofd^tmlTHaotwoodibr  W.  BMr,Jahral>.Clwml8,lM7-<8,p.llU.    AOitnmOMUt 
101  pel  cut. 

F.  AT<rac«  of  Mren  DtatHi  woodi,  analjrud  bj  E.  OottUeb,  Tout.  dum.  S«c,  vaL  «,  UM,  p.  in 
(•babact).    Dilad  at  llS'. 

Q.  Arinv*  OtfnpoalUao  ol  flva  aiia(iD  planti,  <M  tbc  p 
CftUm,  by  Q.  W.  Hawo,  Am.  Joor.  Sd.,  M  Mr.,  toL  7,  Wt,  p. 
M  ILSl  p«  ocnt. 


A 

B 

c 

D 

E 

F 

0 

c                     ...    . 

44.43 
6.22 
4ft,  35 

47.06 
6.89 
47.06 

4B.31 
6.29 
44.40 

6L21 
6.24 
42.66 

49.16 
6.10 
44.74 

4S.76 
6.14 
44.10 

loaoo 

100.00 

loaoo 

100.00 

100.00 

100.00 

100.00 

All  of  these  analyses  are  recalculated  to  an  ash-free  basis.  In  the 
table,  for  uniformity,  the  nitrogen  is  added  to  the  oxygen.  Chevan- 
dier  found,  in  mean,  1.10  per  cent  of  nitrogen  in  his  woods,  but  Gott- 
lieb obtained  only  0.04  to  0.10.  In  Hawee's  analyses  the  nitn^;en 
ranged  from  1.21  to  2.17  per  cent.  The  differences  between  the  wood 
analyses  are  principally  due  to  differences  in  drying. 

From  these  figures  we  see  that  cellulose  contains  about  5  per  cent 
more  oxygen  than  carbon,  while  in  wood  the  reverse  statement  is  very 
nearly  true.  Even  lignocellulose  contains  less  carbon  than  is  actually 
found  in  wood.  The  figures  for  wood  given  in  column  F  approximate 
very  nearly  to  the  formula  C^H^Ot,  and  that  expression  might  be 


I  Baa  If.  Bbtgar,  HonUah.  Cli«mls,  toL  3,  ISSI,  p.  39S,  on  Uia  lubardbwM  M 
nbleot  b  ona  irbleh  can  not  be  ptapalj  darali^ied  hva. 
■Jour.  Chem.  Soa,  voL  U,  ISW,  p.  isg. 
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used  were  wood  a  definite  subatance.  Its  employment,  however,  is 
more  likely  to  cause  misi^prehensioa  than  to  aid  in  the  elucid&tion  of 
problems.  At  beet  it  can  only  be  taken  as  a  convement  collocation 
of  Bjrmbols,  mcH%  easily  borne  in  mind  than  the  actual  percentages. 

It  ia  generally  admitted,  I  think,  by  all  competent  inveetigatots 
that  coal  originated  from  vegetation  which  grew  in  swampy  or 
marshy  places.  As  the  vegetation  died  it  underwent  a  pu'tial  d«eay 
and  was  buried  under  successive  layers,  eitiier  of  matter  like  itself  w 
else  of  sediments  such  as  clay.  In  that  way  it  was  protected  from 
complete  atmospheric  oxidation  and  at  the  same  time  subjected  to 
a  gradually  increasing  pressure  and  doubtless  to  some  heat  gener- 
ated thereby.  The  vegetation  was  of  many  Idnda— trees,  ferns, 
grasses,  sedges,  mosses,  etc. — and  these  all  contributed  varioosly-  to 
the  formation  of  the  future  coal.  Trees  standing  erect  within  a  b«d 
of  coal,  their  roots  still  remuning  embedded  in  an  underlying  stratum 
of  clay,  teU  a  part  of  the  story.  Fossil  ferns,  and  even  the  remains 
of  microoiganisms,  also  add  th^  testimony  to  what  has  occurred. 
In  some  cases  beds  of  lignite  represent  submerged  forests;  and  in 
others,  as  shown  by  many  geolo^ts,  the  coal  was  probably  formed, 
not  from  v^etation  in  place,  but  from  drifted  materials,  a  condition, 
however,  which  does  not  affect  the  chemistry  of  the  carbonizing 
process.  The  alow  decay  of  the  buried  substances  ia  the  essential 
thing  for  the  chemist  to  consider.  With  the  vegetable  matter  some 
animal  remains  were  undoubtedly  commingled,  helping  to  increase  the 
nitrt^en  content  of  the  coa! ;  and  the  ash  of  the  latter  was  augmented 
by  more  or  less  inoTganic  sediment,  derived  from  the  wash  of  the 
land  in  times  of  flood.  Certain  coals  and  carbonaceous  rocks,  such 
as  cannel.  Boghead,  oil  shale,  etc.,  are  attributed  by  H.  Potouifi  '  to 
the  decomposition  of  "sapropel,"  a  sort  of  slime  made  up  largely  of 
gelatinous  algs,  mixed  with  some  animal  remains.  This  view  has 
received  murfi  acceptance,  but  E.  C.  Jeffrey  *  has  shown  that  in 
some  cases  at  least  the  supposed  fossil  algie  are  really  the  spores  of 
vascular  cryptogams. 

In  their  memoir  on  the  origin  of  coal  D.  White  and  R.  Thiessen' 
give  an  excellent  summary  of  the  diverse  theories  upon  the  subject. 
Their  conclusions,  based  on  field  studi<<s  and  microscopic  investiga- 
tions, are  that  "  all  coal  was  laid  down  in  beds  analogous  to  the  peat 
beds  of  to-day."  They  regard  it  as  "chiefly  composed  of  residues 
consisting  of  the  most  resistant  components  of  plants,  of  wluch 

1  Dk  Zntstelnuig  der  BleEnkohle,  Berlin,  ISIO.  See  abo  dtatloD  Id  the  pmeding  obapta  and  Uk  Ktr- 
«noQ  to  the  work  of  Barlnad  and  Renault.  Abo  H.  Stremnw.Uon&tibn,  Deulsch.gral.  ae9^.,nil.IS, 
ttaT,p.U3. 

•  ProB.  Am,  Acid.  ArU  tod  9cL,  vol.  «,  IBIO,  p.  373.  Ftr  a  rocsnt  p^per  by  Jetlrey  OD  thi  nl(b  d 
eoil  wo  loiir,  a«Dl0C7,  toL  33, 19U,  p.  ZIS. 

•TbeorkiDoread:  Bull.  U.  S.  Bur.  Ubm  No.  38,  ISll.  ADOtbn  Impoilaat  wotk  «n  Uu  lalfett  Is 
bj  O.  Stutiei,  Kohte  (AUpnieltie  Eohlengealogle),  Berlin,  int. 
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re«na,  redu  vaxee,  waxes,  and  lugher  fats,  or  the  deriTdtivee  of  the 
compoimds  cotnprimng  them  are  the  most  important."  The  algal 
and  gelosic  theories  of  the  origin  of  coal  they  diamisa  as  undemon- 
strated.  The  views  of  White  and  Thiessen  probably  represent  the 
general  consensus  of  opinion. 

A  moment's  consideration  will  suffice  to  show  that  the  process  of 
vegetable  decay  could  not  hare  Wen  tmiform.  The  softer  plant  tissues 
decompose  most  rapidly;  the  more  compact  ligneous  masses  endure 
much  longer.  Even  the  trunks  of  trees  must  exhibit  similar  varia^ 
tions.  for  woods  differ  in  hardness  and  compactness,  and  the  resinous 
varieties  will  rot  the  slowest  of  all.  The  resins  themselves  show  the 
Tninimiim  of  change,  and  where  they  were  most  abundant  their  fossil 
remnants  are  found.  Amber,  fossil  copal,  the  waxes  found  in  peat 
bogs,  and  a  multitude  of  similar  subetancee  have  been  thus  preserved. 
In  lignite  and  bitiuninous  coal  a^gr^ations  and  often  large  masses 
of  resinous  bodies  not  infrequently  occur,  and  in  a  disseminated 
form,  imrecognizable  by  the  eye,  they  must  be  almost  invariably 
present.  Their  quantity,  of  course,  would  depend  upon  the  exact 
character  of  the  vegetation  from  which  a  givMi  coal  bed  was  formed. 

TSie  nature  and  distribution  of  the  fossil  resins  deserve  much  more 
careful  study  than  they  have  yet  received.  Much  rarer  than  the 
resins  are  the  salts  of  organic  acids,  which  are  sometimes  foimd  in 
coal,  especially  in  lignite.  Three  of  these  are  well-defined  species, 
namely,  whewellite,  calcium  oxalate;  humboldtine,  ferrous  oxalate; 
and  meUite,  the  aluminum  salt  of  mellitic  acid,  AlCgOa-dHjO.  Com- 
pounds of  this  class  are  significant  in  showing  the  range  and  variety 
of  the  reactions  which  take  part  in  the  formation  of  coal.  OxaUc 
acid  is  easily  formed  from  cellulose,  and  it  is  therefore  surprising  that 
its  salts  are  not  more  frequently  discovered  in  peat  or  coal.  The 
soluble  oxalates,  of  course,  would  be  leached  away;  but  calcium 
oxalate  is  insoluble  and  ought  to  be  more  conunon. 

In  addition  to  its  oi^anic  constituents  coal  also  contains  more  or 
less  iaoiganic  matter  which  on  combustion  remains  as  ash.  Hiis 
was  originally  for  the  most  part  of  sandy  or  clayey  character,  of 
variable  composition;  but  rarer  impurities  are  sometimes  found. 
The  occurrence  of  gold,  silver,  vanadium,  and  uranium  was  already 
noticed  in  Chapter  XV  of  this  work ;  and  to  these,  according  to  Stutzer, 
molybdenum  must  be  added.  Stutzer '  also  mentions,  as  having 
been  found  in  coal,  millerite,  cinnabar,  chalcopyrite,  bomite,  spha- 
lerite, galena,  and  malachite.  Pyrite  or  marcasite  is  commonly  present, 
and  often  in  annoying  quantities.  The  almost  omnipresent  radium 
was  detected  in  certain  Alabama  coab  by  S.  J.  Lloyd  and  J.  Cun- 
ningham.* 

1  Op.  olt.,  pp.  IB,  l(n.  •  Am.  Cham.  Joni.,  vol.  DO,  1S13,  p.  47. 
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lYie  first  stnge  in  the  d«TelopmeDt  of  coal  from  -vogeitihlo  matter 
seems  to  be  repreaented,  at  least  approzimatelj,  by  the  formatiim  of 
peat.  The  procesa,  as  obsenred,  has  abeady  been  outlined.  Mosses, 
grasses,  and  othw  plants — any  plants,  in  fact,  which  can  thrive  in 
marshes — grow,  die,  and  are  buried,  layer  after  layer.  On  the  sm^ 
face  of  a  bog  we  see  the  growing  plants;  a  little  below  the  surface, 
their  rec(^;nizable  remains;  still  deeper,  we  find  a  black,  semigdati- 
nous  substance  from  which  the  v^etable  structure  has  largely  dis- 
appeared.* This  substance,  saturated  with  moisture,  is  peat;  dried, 
it  becomes  a  valuable  fuel. 

Many  analyses  of  peat  have  been  made,  and,  as  might  be  expected, 
they  vary  widely.  The  following  series  by  J.  Websky  '  is  especially 
suggestive.  The  samples  were  dried  at  100°,  and  the  analyses  calcu- 
lated on  an  asb'free  basis. 

Anaigta  of  tphofnun  and  ptat. 


A.  Spbviinm.tliaeliM  plant  t<tti*p«KbO|*. 


S,  r.  Blade  peat. 

I     O.  BMT7btQWIlp««t. 


A 

B 

c 

D 

B 

r 

a 

49.88 
6.64 

42.42 
1.16 

eass 

6.90 
42.63 

Loe 

B0.86 

6.80 

42.67 

.77 

69.71 
6.27 

82.07 
2.96 

68.70 
6.70 

33.04 
L66 

69.71 
6.27 

32.07 
2.96 

H 

6.  SI 

0 

29:24 

100.00 

100.00 

loaoo 

loaoo 

100.00 

loaoo 

loaoo 

The  pn^ressive  increase  in  carbon  in  passing  from  sphagnum  to 
heavy  peat  is  clearly  shown. 
A  few  other  analyses  of  peat  maybe  profitably  i^ted,  as  follows:* 

1  On  tlM  nvUltr  of  iDnutloD  Hi  pMt,  SM  a  Bnmiiuiy  br  O .  H.  Adder,  Bmo.  Ogoloor,  T«).  ^  UOT,  p.  IL 

•  Jom.  prakt.  Ctumlt,  vol.  «,  ISM,  p.  SI. 

•  Fornlllattaer[uuay9M,SMR«thani)  Percr,  H  dM,  and  toI.  1  ol  Orona  and  Thcxp's  Cbfmiial  tacii- 
nalocT.  pp.  1^^-  Inthelattatwork.p.  It,  wllll)«laaiMl37aailfaeaatpaatasbM,  l>  ~ 
Petsm  and  NaalM'  (N«ub  laiab.,  ISSl,  p.  81)  gtve  IT  alUmata  aiiB];Ka  of  Ctamai 
■nnlynfl  of  the  Mh.  In  a  paper  by  H.  B,  KOnunal  (Earn.  Oeologr,  vol,  3, 1007,  p. 
taebnlcal  aDaljMs  ol  New  lener  peat,  with  caLvbnetno  data.  On  thenHdMnlmolpaatta 
N.  B.  Bbalw,  Sixteenth  Ann.  Rept.  V .  B.  Qeid.  Bnrrey,  pi.  *,  1896,  p.sa.  An  inqMrtut  leoen 
peat,  fta  nte  of  growlh.  Its  mini,  eta., by  R.  Angus  Sndtli,  Is  glren  In  Uem.  Lit.  Phlloa.SM.  Mandnrtir, 
U7a,p.»l.  SfeaboT.B.Joaei,  PrDcGeologlsti' Anoo,, 701.0,1880,  p.  XK'.andOA.DaTtliBapt.BtMi 
Board  OkiI.  Bnivey  Uetij^i],  ISM,  p.  67,  and  Eoo.  Oeoloir,  Tol.fi,  W10,p.S7.  Dnli  aba  taai  a  (di^itat 
on  peat  In  White  and  TblcastD'i  numoii. 
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Anaiyiet  of  peat. 

A.  From  TMiy,  Fimiue.    Analjib  b;  ISinSUj,  Amnio  d»  m 
houn  In  Ticao. 

B.  rnnn  Ctemim,  Franoa.    Alan  by  Uuilll;,  who  eIvm  M 

C.  yTBm"HarinaalMmgL"    Aaalriii  by  O.  luobMU,  L 

BtlOO'. 

D.  Prom  a  lake  Id  Caahnun.    Anal  jsts  by  C.  ToOkay.    S«e  Ftmy'i  ICataUmly,  tdL  1, 1S7S,  p.  ML 

E.  Atkics  <rf  tcD  analyara  oltad  by  Roth,  Aggwiiaina  abontnbe  Oaolocl*,  vol.  3,  p.  M3. 


A 

B 

C 

I* 

B 

60.67 
6.76 

S4.95 
1.82 
6.70 

46.11 
6.9B 

35.87 
2.63 
fi.40 

6LS8 
6.49 

36.43 
L68 
6.02 

37.16 
4.08 

23.48 
2.02 

83.27 

o       

84.02 

100.00 

100.00 

100.00 

loaoo 

loaoo 

Beduced  to  an  ash-free  basis,  in  order  to  compare  the  oi^^amc  mat- 
ter with  tiiat  of  wood,  the  analyses  assume  the  following  form: 
Analtiiet  ofptat  rtdueed  to  oA-fru  boMi. 


A 

B 

0 

D 

B 

64.31 
6.18 

37.46 
2.06 

60.89 
6.61 

39.68 
2.92 

64.10 
6.83 

37.80 
1.77 

66.67 
6.11 
36.19 

a.  03 

100.00 

100.00 

100.00 

100.00 

loaoo 

As  compared  with  the  data  already  given  for  wood,  these  figures 
show  an  increase  in  carbon,  a  decrease  in  oxygen,  emd  a  notable  en- 
richment in  nitrogen.    The  last  gain  may  be  partly  from  animal  matter. 

The  natm«  of  the  changes  which  have  taken  place  in  the  transfor- 
mation of  T^etable  matter  into  peat  is  imperfectly  understood. 
When  ligneous  fiber  decays  it  yields  an  amorphous  mixture  of  sub- 
stances which  are  known  collectively  as  humus,  and  are  partly  of 
acidic  nature.  These  substances  are  very  ill-defined  bodies,  although 
various  formulee  have  been  assigned  to  them,  but  none  can  be  said 
to  be  established.  The  acid  portions  dissolve  in  alkaline  solu- 
tions, and  so  are  partly  washed  away;  but  the  salts  formed  wi^  lime 
and  iron,  being  insoluble,  probably  remain  behind.  The  aah  of  peat 
is  commonly  rich  in  lime,  not  as  carbonate,  and  also  in  iron,  the  latter 
appearing  often  in  large  beds  of  bog  ore.  Tbe  formation  of  the  humus 
appears  to  take  place  by  a  fermentative  process,  which  eliminates 
some  carbon,  hydrogen,  and  oxygen  in  the  form  of  carbon  dioxide, 
marsh  gas,  and  water;  and  micro-organisms  play  some  part  in  pro- 
ducing the  changes  observed.    On  this  point,  however,  there  is 
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Bome  doubt,  Frfth  and  SchrOter,'  for  example,  regarding  the  microbun 
influence  as  very  small. 

Broadly  speaking,  with  temporary  disregard  of  minor  eonslatu- 
ents,  a  bed  of  peat  may  be  said  to  consist  of  water,  inoi^ganic  matto-, 
vegetable  fiber,  and  humus.  From  this  point  of  view  H.  Bomta^ger ' 
has  made  analyses  of  peat,  finding  in  the  black  varieties  from.  25  to 
60  per  cent  of  humic  substance,  with  30  to  60  of  fiber.  Two  of  his 
analyses  are  as  follows : 

Anatyiit  of  peal  (BorntrSger), 


A.LWit«oloredp«rt,HMmoT«.    K™  rf  two  ualj™. 
B.  Black  p«t,01dBibuiE. 

A 

B 

29.50 
3.05 
54.95 
12.50 

100.00 

10O.O 

In  the  ligbtMwlored  peat  evidently  the  diangee  have  not  gone  so 
far  as  in  the  other. 

In  some  peat  beds  isolated  masses  of  humic  Bubstance  are  found,  to 
which  the  mineralogical  name  dopplerite  has  been  given,*  According 
to  F.  G.  Kaufmann,*  this  substance  is  identical  with  the  part  of  peat 
which  dissolves  in  caustic  alkaU  solutions,  and  he  therefore  r^jvls 
peat  as  a  mbcture  of  dopplerite  with  partly  decomposed  v^etable 
matter.  He  gives  analyses  by  MOhlbei^  of  dopplerite  from  the  peat 
of  Obbtirgen,  Canton  Unterwalden,  Switzerland,  which,  in  mean,  are 
as  follows: 

Avtmge  eompoiition  qfdopplenU. 

0 66.46 

H 6.48 

0+N 38.06 

100.00 
The  oiganio  portion  of  dopplerite  from  the  original  locahty  at 
Aussee,  Styria,  gave  W.  Demel  *  nearly  identical  results,  and  he 
assigns  to  the  substance  the  fonnula  Ci^fi^  Its  actual  occur- 
rence in  peat,  however,  is  thought  by  D^nel  to  be  as  a  lime  salt  aod 
not  as  the  free  organic  acid. 

>  Die  UoMe  der  Bchweli,  Bern,  ISM,  a  superb  qaaita  mimogratih  Imnad  b;  tba  Swiss  GeokglCBl  Cam- 
mlsslm.  S«e  eap«clally  diapler  3,  on  peat.  The  Tolunie  contains  a  blldlogiqili;  of  nO  Udo.  On  tht 
mkiQbian  side  of  the  qaestlou,  see  B.  Beoault,  Compt.  Rend.,  vol.  127, 189B,  p.  S36. 

■  ZeltBchr.  anal.  Chemle,  vol.  39,  leOO,  p.  t9i;  vol.  «0,  IMI,  p.  039. 

'  Bee  Daos,  System  oF  mlnoslogy,  6th  ed.,  p.  1014.    For  addltkmal  data  (n  ioppyrttt,  *ee  C.  ClM^aCD, 
Cbem.  ZelttiDg,  vol.  22,  lgB8,  p.  sa,  imd  W.  Alexeleff,  Zeltsctir.  Eryst.  Wd.,  voL  30,  IDOl,  p.  U3. 
<  lohrb.  K.4.  geoL  Relcbsanstait,  vol.  IS,  1865,  p.  283. 

>  Ber.  Dautsch.  cbem.  OeeelL,  tdL  IS,  Kfa,  p.  lOsl. 

,      N.ed  by  Google 
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Feat  also  contains  some  ill-defined  resinous  substances,  which  are 
«xtractable  by  solution  in  hot  ether  or  alcohol.  In  O.  Jacobsen's 
experiments  '  their  quantity  ran  from  2,5  to  3.26  per  cent.  A  crystal- 
line hydrocarbon,  fichtelite,  is  sometimes  found  in  the  buried  conifer- 
ous woods  of  peat  beds.  It  appears  to  have  been  derived  from  the 
terpenes  of  the  wood,  but  its  exact  nature  is  uncertain.'  C.  Hell 
assigned  it  the  formula*  C„JIh.  *°d  L.  Spinel  has  argued  in  favor 
of  CijH^.  The  possible  derivation  of  petrolemn-like  hydrocarbons 
from  peat  was  discussed  in  the  preceding  chapter. 

In  its  youngest  forms  peat  is  loosely  compacted,  but  as  it  accimiu- 
lates  the  under  portions  become  compressed,  and  what  was  once  a 
foot  thick  may  shrink  to  3  inches.*  In  various  localities  peat  beds 
have  been  found  buried  beneath  sediments  or  drift,  Dawson  '  men- 
tions peat  miderlying  bowlder  clay  in  Cape  Breton  Island,  and  beds 
covered  by  drift  have  been  reported  in  Iowa.'  In  all  probabihty 
these  occurrences  are  not  exceptional,  and  the  pressure  developed  by 
the  covering  material  doubtless  aids  in  the  transformation  of  peat 
into  coal.' 

UONITE. 

Under  the  names  lignite  and  brown  coal  a  number  of  substances 
are  comprised  which  Ue  between  peat  on  one  side  and  bituminous 
coal  on  the  other.  The  names  are  conventional  and  not  always 
appropriate,  for  some  lignites  are  not  ligniform,  and  others  are  not 
brown,  but  black.  Geologically,  they  are  modem  coals,  Tertiary  and 
Meeozoic,  and  their  composition  bears  some  relation  to  their  age. 
The  most  recent  approach  peat;  the  oldest  lare  nearer  the  true 
coals.  This  is  a  general,  not  an  absolute  relation,  for  in  some  cases 
lignites  have  been  transformed  into  apparency  bituminous  coala,  or 
even,  by  metamorphic  action,  into  anthracitic  varieties.'  In  many 
instances  fossil  charcoals  have  been  observed,  resembling  ordinary 
charcoal;  and  these  owe  their  peculiarities,  perhaps,  to  forest  firea, 
produced  either  by  lightning  or  by  eruptions  of  igneous  rocks.' 

I  Lleblg's  AnnBlen,  T(d.  UT,  IB71,  p.340.    Btt  also  Uuldfr,  Idem,  voL  33, 1S39,  p.  30S. 

<  On  flohtalite,  uc  T,  E.  Clark,  Liebig's  Annalen,  toL  103,  1S57,  p.  23S:  C.  Hell,  Btt.  Deotach.  chem. 
OeselL,ToL  23,1889,  p.  498;  E.  Bamberger,  idem,  p.  63S,  and  I..  Spiegel,  Jdem,  p.  3369.  Also  U.  fichiuter, 
Uin.  pet.  Ultt.,  vol  7, 1S85,  p,  S8. 

•  Reduind  to  simpler,  compusbla  tanns,  tbes*  (crmuln  beooma  rapecUval^,  CuHn  and  CuHn.  Tbe 
difference  ia  slight. 

•  See  Q.  H.  Ashley,  Ecoa.  Oeologr,  toL  3, 1907,  p.  3t. 

•  Acadian  geoloey,  2d  ed.,  p.  OS, 

•  SeeT.  H.HacBiide.PTOC.  Iowa  Acad.,  ToL  1,1897,  p.  69;  and  T.  E.  SaTige,  Idem,  vol  11, 1903,  p.  103. 
■  On  American  peale,  set  H.  Rks,  TUtj-Attb  Add.  Rept.  New  York  Slats  Uus.,  1B03,  p.  tSS;  A.  K 

Parsona,  Idem,  FUty-aerenth  Ann.  Kept.,  toL  t,  1905,  p.  16.  Paisona  ci(«a  roan;  analyses.  In  Ann. 
Bept.  State  Oeologlst  New  Jeisey,  t90J,  p.  313,  W.  £.  UcCoort  and  C.  W.  Psimelee  dsMTibe  peat  depislta 
and  give  a  bibtkgrqiliy  of  tlie  subJecL  S««  aba  R.  Chabnen,  liln.  Rra.  Canada,  190«,  BalL  on  Feat,  la 
CauadiODdats.  A  pvtlalblbllagiBplir  ofpeatlsglTaiby  J.  A.  HolmainBulL  U.  8.  OeoL  Stirrey  No. 
290, 1906,  pp.  11-lf. 
>  These  trauBformatloos  have  beoi  doDbtad  by  Donath,  iAom  work  la  died  latar. 

•  See,  for  example,  A.  I>Bubrte,  Compt.  Rend.,  vti.  19,  IBM,  p.  126,  on  "miunl  chanoal"  from  the 
BaarbrOcken  ccal  Beld. 
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'  Among  the  lignites  several  distinct  varieties  exist,  which  hava 
received  characteristic  names,  as  follows: 

1.  Trae  or  xyloid  lignite.  This  ia  essentially  fossil  wood  in  'whicb 
the  ligneous  structure  is  more  or  less  perfectly  preserved. 

2.  Earthy  brown  coal.  This  variety  is  earthy  in  structure,  as  its 
name  indicates,  and  it  is  often  accompanied  by  mineral  resins  or 
fossil  hydrocarbons. 

3.  Common  brown  coal.  The  common,  compact  fonn  of  lignite, 
and  the  one  best  known  as  a  fuel. 

4.  Pitch  coal,  a  compact  variety,  so  named  for  its  peculiar  luster. 

5.  Glance  coal.  A  hard  and  very  compact  form  of  lignite,  most 
nearly  resembling  the  Carboniferous  coals. 

6.  Jet.  A  very  hard  variety,  probably  derived  from  the  fo88iliza.tion 
of  coniferous  wood.'    Used  for  jewelry  and  o^er  ornamental  purposes. 

As  might  be  supposed,  the  lignites  exhibit  a  wide  range  of  variation 
in  their  composition.  The  following  analyses,  selected  from  a  table 
in  Percy's  Metallurgy,'  show  this  fact  clearly.  They  have  been  recal- 
culated upon  an  ash-free,  water-free  basis. 

Atuilytet  qf/ordgn  Ixgnita. 

A.  From  Toiditi,  Ocrmm;.   iialjtb  bj  Wagner. 

B.  Front  Sardinia.    Analyst  not  namad. 

C.  From  Schlbreld,  Bo&CDila.   Anal; ik  b;  Kmdtwich. 

D.  From  Eaiopiiaa  Turkey,    Analyrwl  by  W.  J.  Ward  In  Pvcy'g  labcmtcry. 
B.  From  Saidbla.    AnaJyud  by  C.  Tooliay,  In  Ftrcy's  hixraiorj. 


A 

B 

C 

D 

s 

c -. 

57,02 
6.94 
S7.04 

63.71 

e.os 

31.24 

69.82 
6.00 
24.28 

76.08 
5.44 
19.48 

82.36 

100.00 

100.00 

100.00 

100.00 

100. 00 

For  technical  purposes  coal  analyses  are  commonly  reported  in  a 
different  form.  Moisture  and  ash  are  important  factors  to  consider, 
and  so,  too,  is  the  disUnctiou  between  the  "volatile  matter"  and  the 
"fixed  carbon."  In  lignites  the  moisture  is  usually  very  high,  for 
these  coals  are  peculiarly  hygroscopic.  Like  other  coals,  they  also 
contain  sulphur,  which  is  parUy  organic,  partly  present  as  indosures 
of  pyrite  or  marcasite,  and  partly  in  the  form  of  sulphates,  such  as 
gypsum.'  The  following  analyses  from  the  reports  of  the  fuel-test- 
ing plant  of  the  United  States  Geological  Survey  *  are  fair  examples 
of  the  technical  mode  of  statement.    All  samples  were  air  dried. 

■  BmF.  E.8p)e)niaim,Chem.  Nevs,ToLM,  tSa6,p.3Sl;  vol.  B7,  ISOS,  p.  ISl.  Fci  an malysfa ot Bpntt 
]«tHn  J, B.  Bousslngault, Acnaln chlm. pbys., EUi scr., Td. 29, 1883,  p.  383.  Til* latbrmtmok omlila 
many  otbcr  acalysae  at  bMsIl  oombustlblos. 

■  1S7G edition,  vol.  1,  pp.  313-^13.   Fromntsblsaf  ^lanslyses. 

■  Tbe  Totaold  substancea  wfabh  hava  btai  namsd  qafaqoslls.  tM™*""*,  and  binkerlta  an  tUi  kl 
oisanln  aolpliur  oonpoaitds  of  undettnnlDad  disraoter.   Bee  Dana,  System  o[  mtntnkicy,  IKli  ed.,  p.  »m. 

•  Frof.  Pap«  No.  48,  pt.  1,  and  Boll.  No.  ZW,  laoe.    AaalyMa  mad*  under  tba  diraotlai  ol  B.  S,  Btmnt 


Aiuilyaa  of  American  liffttiUa, 

A.  Bnnm  U^iUa,  WSlkttsa,  North  Dakota. 

B.  U^te  from  Ttxu. 

C  LlgnfU  from  Ttslk  mbie,  Abnmda  County,  Calllixnla. 

D.  Usnita  from  Wyoming, 

S.  Black  llEolt*  from  Red  Lodge.  Uantaoa.    A  on]  (rf  doibtdil  taartcUr.    Kot  oertalnly  llgnJtti 


i. 

B 

C 

D 

s 

Uoistore 

16.70 
37.10 
39.49 

6.71 

22.48 

31.36 
26.73 
19.43 

18.61 
35.33 

30.67 
15.49 

17.60 

37.96 
39.56 

4.79 

9.06 

Sulphur 

1W.00 
.63 

100.00 

.56 

100.00 
3.05 

100.00 
.63 

100.00 

The  elementary  analyses  of  these  coals,  whea  ash,  moisture,  and 
sulphm-  are  thrown  out,  show  less  vaiiation. 


A 

B 

c 

D 

s 

72.62 
4.93 
1.20 

21.26 

73.63 
6.07 
1.S6 

19.95 

75.19 
6.18 
1.04 

17.69 

76.97 
6.36 

1.41 
17.26 

N 

100.00 

100.00 

100.00 

100.00 

100.00 

For  furtiier  comparison  of  the  lignites  with  other  fossil  fuels,  the 
subjoined  averages  will  be  useful.  The  data  are  reduced  to  an  ash- 
free  and  water-free  standard. 

Average  anatgiu  of  liffnita. 

A.  Avmge  ot  32  Texas  UgaKm,  malyiad  by  Hagnmat  and  Wootai.  t>ried  at  UK*.  Prom  E.  T. 
I>ainble'B  Report  on  the  brown  ocnl  and  llgiifM  o[  Texas:  OeoL  Surrey  Texas,  1892,  p.  211.  Thb  volume 
ccnlahu  many  Icctmloal  analyns  of  Ugnltce,  and  abotahln  of  analyses  ot  German,  Auatrltm,  and  Italian 
brnrn  ooata. 

B.  Ayetage  of  10  analyses  from  the  report  of  the  [Uel-t«tbi«  plant  of  the  United  Etates  Oeol.  Survey, 
alnadydtod. 

C.  ATWsgeofn  llgnltiia  from  TorEons  parts  ot  the  world.  Analyses  by  C.Tookey  and  Vf.  J.  Ward  ta 
Ptwy'j  'aboralory.    Ptrrfe  Metallurgy,  yoL  1,  pp.  312-321. 


A 

B 

c 

0                                                

69.82 

4.72 

1  25.46 

74.86 
5. 32 

18.51 
1.31 

N ;:::'; ;:"': :" 

100.00 

100.00 

100.00 

,  Google 
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Data  of  this  kind  might  be  ahnost  indefinit^y  multiplied.' 

The  resinoids  and  fossil  hydrocarbons  are  espeoially  abundant  ■ 
brown  coals,  both  as  visible  masses  and  in  a  disseminated  conditica, 
Organic  solvents,  such  as  benzene,  will  extract  matter  of  this  kiaj 
from  lignite,  but  the  substances  thus  obtained  are  not  of  definit  e  coia- 
position.  In  some  cases  oily  fluids  exude  from  brown  coal,*  altliou^ 
instances  of  this  kind  are  probably  rare.  Solid  bodies  are  the  rule. 
An  extreme  example  of  extractive  matter  in  coal  is  that  reported  hv 
Watson  Smith,*  who,  in  a  Japanese  lignite,  found  9.5  per  cent  of  sub- 
stance soluble  in  benzene. 

In  their  behavior  toward  reagents  the  lignites  are  more  akin  to 
peat  than  to  the  Carboniferous  coals.  Like  peat,  they  cont^n  hamir 
compounds  which  are  soluble  in  solutions  of  caustic  alkalies.  Accord- 
ing to  E.  Fremy,*  peat  yields  abundant  "ulmic  acid"  to  alkaliof 
solvents,  xjloid  lignite  yields  less,  and  compact  lignite  little  or  noiw 
at  all.  The  bituminous  coals  and  anthracite  are  insoluble  in  ipkaJfrtf 
solutions.  Occasionally  these  humic  bodies  are  found  in  remarksUr 
concentrations.  The  "paper  coals"  of  Russia,  for  example,  con- 
tain layers  of  hunuc  matter,  which  is  soluble  in  ammonia.'  In  the 
brown  coal  of  Falkenau,  Bohemia,  C.  von  John*  found  a  native 
humus,  soluble  in  ammonia  or  sodium  carbonate  solution,  which 
had  approximately  the  composition  C«,H«0„.  Von  John  cite 
other  examples  reported  by  other  observera.  Furthermore,  the 
pigment  known  as  Cassel  brown  is  a  fossil  humus  from  the  Tertiary 
near  Cassel,  Germany.' 

Fremy  found  that  lignite  was  also  soluble  in  alkaline  hypochlorites, 
while  the  true  coals  were  not.  It  was  also  strongly  attacked  by  nitric 
acid,  with  conversion  into  a  yellow  resinous  body,  soluble  in  an 
excess  of  the  reagent  or  in  solutions  of  the  alkalies.  Bituminous  coal 
and  anthracite,  on  the  other  hand,  were  feebly  attacked,  anthracite 
in  particular  with  extreme  slowness.  TTiese  coals,  however,  dis- 
solved in  mixtures  of  nitric  and  sulphuric  acids,  yielding  solutions 
from  which  water  precipitated  a  humus  compound.  Woody  tissue, 
heated  during  several  days  to  200°,  became  comparable  with  lignite 
in  its  behavior  toward  reagents. 

■  S«s  the  gntt  mODognpb  by  C.  ZbuAn,  DH  Fhjskigraplile  da  BnUDkahle,  Bmuovcr,  18S7;  aid  Its 
EigSoiung,  published  at  Q&Ueln  1871.  In  Qrovt  and  Thix-pB's  Chamlcal  tachniJogy,  ToL  1,  man^  aul^ 
■n  glv«n;  and  others  m  elted  In  F.  Fbchn's  Cbanladie  Ttctindogla  itr  BranKbtfii,  Bmnudivdr. 
1897,  Tol.  1.  E.  P.  Biwdiard,  In  Froo.  Sioux  Clt7  (torn)  A(sd.,  vol.  I,  im,p.  174,  hag  raporUd  dalali 
■onu  N«liruka  llenltss. 

■  B»  A.  A.  Ball,  ;oui.  Six.  Cbtm.  Tnd.,  vd[.  29, 10D7,  p.  1223;  J.  B.  Cabm  and  C.  P.  Ftnn,  Idea,  vd.  31. 
1115,  p.  U;  P.  P.  Bedain,  ldan,To1.  2fi,  1M7,  p.  1221.  Wbtte  and  ThluMa  (Tba  vlgtn  nl  Doal,p.2:i) 
regard  the  alls  In  coti  as  derived  from  spore  «xlnea  md  pollen  gnbis. 

>  Jour,  Boc  Oiem.  lad.,  vol.  10,  p.  BTS,  1S8I. 

•  Compt.  Bend.,  vol.  83, 1S81,  p.  IH. 

•  Sea  K.  Zellltr,  Bull.  Boc.  gio].  Fiance,  3d  ser.,  voL  12, 1884,  p.  680. 

•  Verhand!.  Z.-k.  geol.  Relclumitalt,  p.  94,  lS9t. 

>  See  a  recent  deurlptlon  br  P.  Ualkameslua  and  R.  Albeit,  Jour,  prtix.  Chtmla,  3d  as.,  voL  70,  Wl, 
p.  500. 


Suae  Fmny'a  time  the  action  of  nitric  acid  and  other  oxi 
agents  upon  coal  has  been  studied  by  various  investigators.  E 
gnet,'  for  example,  found  that  nitric  acid  acted  upon  coal  wil 
formation  of  products  more  or  less  analogous  to  the  nitrocelli 
and  similar  observations  were  recorded  by  R.  J.  EViswell.'  A 
znittee  of  the  British  Association '  also  conducted  some  experi 
upon  the  proximate  constitution  of  coals.  They  not  only  atudii 
action  of  solvents  to  some  extent  but  also  examined  the  act 
hydrochloric  acid  and  potassium  chlorate  upon  coal.  That  po^ 
oxidizing  mixture  produced  compounds  which  resembled  the 
rinated  derivatives  of  jute  fiber.  The  work  of  the  committee 
never  to  have  been  pushed  to  completion. 

The  researches  thus  briefly  summarized,  it  will  be  observed, 
partly  to  lignite  and  partly  to  other  coals.  They  suggest  rel 
between  the  coals  and  v^etable  fiber,  but  for  several  reasons 
are  inconclusive.  The  records  are  often  inexphcit,  and  the  e 
ments  are  not  all  strictly  comparable.  When  nitric  acid,  for  exa 
is  employed  as  a  test  recent,  it  should  be  under  commensuxabl 
ditions,  such  as  uniform  fineness  of  subdivision  on  the  part  i 
coal  and  equality  of  concentration  on  the  side  of  the  acid.  Tim 
temperature  also  must  be  taken  into  account.  A  hot,  strong 
applied  to  a  finely  powdered  coal,  would  act  differently  from  a 
weak  acid  on  coarser  material.  To  neglect  of  details  like  these 
of  the  discordances  in  the  records  are  probably  due. 

In  recent  years  E.  Donath  and  his  associates  *  have  studie 
phase  of  the  nitric  aoid  reaction  with  much  care.  Dilute  nitric 
one  part  to  nine  of  water,  at  a  temperature  of  70°,  will  attack  1 
vigorously,  but  is  without  action  upon  bituminous  coal.  E 
brown-coal  "anthracite,"  a  product  of  contact  metamorpbism 
intrusion  of  phonolite,  behaved  like  ordinary  Ugnite  toward 
acid.  IVom  evidence  of  this  kind  Donath  concludes  that  lignil 
true  coal  are  chemically  unlike  and  of  dissimilar  origin, 
behave  differently  toward  reagents,  and  yield  different  products 
destructive  distillation.  Neither  by  time,  according  to  Donat) 
by  heat,  can  lignil  be  transformed  into  coal.  Lignite,  he  thii 
derived  from  materials  rich  in  lignocellulose,  as  shown  by  the 
ence  of  humic  compounds  in  it.  The  true  coals,  on  the  otlier 
were  formed  from  substances  which  were  either  free  from  ^ 

1  Compt.  Raid.,  voi.  88,  tSTS,  p.  EML 

■  Proo.  Cham.  800.,  toL  B,  1882,  p.  9.  W.  C.  Andosrai  tai  J.  Roberta  (Joui.  Boc  Ch«m.  Inil. 
180S,p.  1013)  hsTs  [tlao  studied  the  aotkn  of  nJtilB  acdd  oa  ooal  and  made  wraml  analyMB  of  t 
■cMs"  ■■>  obtained. 

•  Ann.  Rept.  Brit.  A3900.,  18M,  p.  340;  Idam,  18M,  p.  MO. 

'DaiMb,OMm.Z«ltimg,  10aE,p.  l(aT,Bi]dZeitM)ii.Bnarg.  Chenile,l90e,p.  »T.  tHxatb  and 
OwWt.  ZdbdD.  B«s-  a.  BOttoiw.,  vol  Gl,  1903,  p.  alo.    Dcnuth  and  F.  BiAoiillilt,  Chwn.  ZalCu 
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fiber,  or  nearly  bo.    In  the  f  onn&tion  of  bitaminoxifl  coal,  wliich  is  ofta 
rich  in  nitrogen,  the  proteids  of  animal  matt^  probably  took  part. 

It  would  be  premature,  I  think,  to  accept  Donath's  conchi^iE 
thron^out,  but  his  endence,  taken  togetiier  wiUt  that  of  eailiei 
investigators,  shows  distinct  chemical  differences  between  the  lignites 
and  the  coats.  In  lignites  the  hnmic  compounds  are  readily  detected. 
but  in  coal  they  are  less  apparent.  Nitric  acid  acts  easUy  on  lignite, 
but  with  much  less  vigor  upon  bituminous  coal  or  anthracite.  How 
far  the  latter  substancee  are  derivable  from  the  former,  however,  is  a 
separate  question. 

BITUMINOTT8  COAIh 

In  composition,  at  least  empirically,  the  bitnminons  coals  he 
between  the  lignites  and  anthracite.  To  some  extent  they  overi^i 
the  lignites,  so  that  it  is  not  always  easy  to  say  where  one  group 
ends  and  the  other  b^ins.  The  following  analyses  of  bittuninons 
coals,  all  of  Carboniferous  age,  are  taken  from  the  reports  of  the  fnel- 
testing  plant  of  the  United  States  Geological  Survey.  They  are 
selected  in  order  to  show  something  of  Uie  recognized  variations.' 

First,  there  are  the  conventional  proximate  analyses: 
Proximate  ana^Mt  of  btivminout  coah. 


A.  Etmntetd,  Pninsylvuila.    Bull.  No,  SO,  p.  ITB.  J 

B.  Bnice,  Pnmarlr&nla.    Idem,  p.  184.  I 

C.  Vigo  Countf,  Indiana.    Idem,  p.  lOd.  | 


£.  Sbawaee,  Ohio. 


r:FwerN>.«,p.SB. 

iLi4o.aavp.i«s. 

dem.p.  n. 


A 

B 

0 

jj 

X 

r 

3.51 
16.82 
73.04 

6.63 

2.61 
34.82 
fi6.  30 

6.17 

9.56 
36.19 
43.65 
10.61 

4.52 
40.96 
38.  BO 
15.53 

9.90 
33.66 
44.86 
11.58 

13.72 

10.32 

Sulptur 

100.00 
.94 

100.00 
1.26 

100.00 
3.72 

100.00 
6.83 

100.00 
1.81 

100.00 
3.S6 

With  one  exception  the  volatilizable  part  of  these  coals  is  lees  in 
amount  than  the  fixed  carbon.  With  the  lignites  the  reverse  state- 
ment is  generally  true.  The  ultimate  analyses  of  the  same  coals, 
recalculated  to  a  water,  ash,  and  sulphur  free  basis,  are  as  follows: 

Ultimate  analyut  ofhilwniwmt  axslt. 


A 

B 

C 

D 

B 

? 

90.78 
4.69 
L40 
3.13 

85.73 
5.49 
1.75 
7.03 

84.19 
5.82 
1.42 
8.57 

82.92 

e.oa 

1.27 
9.75 

82.20 
5.45 
1.60 

1ft  76 

H 

I'ss 

l« 

100.00 

100.00 

loaoo 

100.00 

lOftOO 

100.00 

>  The  high  nulatura  ot  thwe  owls  Is  due  to  the  bet  that  the  sunidea  wen  sealed  np 
oDeollDn  In  the  mines  aDd  vera  not  dried,  llan;  analfMB  al  American  Mais  an  given  1 
lUnea  tla.  21,  isis,  by  N.  W.  Loid.    See  also  BulL  SE,  lUt,  lor  many  other  anatyM. 
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The  reciprocal  variation  of  c&rbon  and  oxygen,  the  latter  rising  as 
the  former  falls,  is  here  very  well  shown. 

Sven  m  a  sii^^  mine  the  composition  of  the  coal  may  vary  within 
fairly  wide  limits.  For  example,  F,  Fischer '  gives  24  comparable 
analyses  of  coal  from  the  Unser  Fritz  mine,  district  of  Anisberg, 
"Westphalia.  From  the  table,  in  which  the  analyses  are  reduced  to 
an  ash  and  Bolphmr  free  standard,  I  sdect  the  following  examples, 
'which  show  the  maximum  and  miTiimnm  proportion  of  each  con- 
Btdtuent.    In  the  last  column  I  ^ve  the  average  of  the  entire  series: 


Analyta  of  coal  from  Unter  FriU  miiw. 

65.33 
C.20 
1.49 
7.98 

85.06 
4.66 
1.86 
8.»3 

84  28       82.34 

4. 86  4. 94 

1. 87  1. 18 
».  00      11. 64 

80.80 
4.S4 
1.29 

13.08 

100.00 

100.00 

100.00     100.00 

loaoo 

100.00 

other  variatdons,  due  to  the  peculiar  character  of  certain  coaly 
material,  are  iUustrated  by  the  following  analyses: 
Analftet  offonil  planta  and  amrul  coal. 
A.  Avctag*  of  six  aimlTSM  ol  fOHQ  plants,  from  tbe  ooal  bedi  of  Commtntrj,  Tranoe,  b;  B.  Ueimkr,  to 
Tremr'B  EnejnkipHIe  dilmlque,  vol.  3  (CompMment,  pt.  l),p.  ISJ,  Tbeplanti  were  perfectly  preserved 
M  to  atnietore,  bat  tntlrel;  tnuBt>rmed  bito  oonl.  The  geoen  CUsmodmlriHi,  OoriaUa,  LepHoirndnm, 
Paamlut,  JHfdiopUrU.tiiA  ifegapktton»it  lepreaaitBiinOilaBlTtnet.   The  Ticbtlom  between  them  M« 


A 

B 

0 

82.46 

4.76 

.43 

12.37 

83.68 
5.77 
2.21 
8.44 

N 

100.00 

100.00 

100.00 

The  suggestive  feature  of  the  foregoing  trio  is  in  the  proportion  of 
nitrogen.  The  fossil  plants  contain  very  httle  nitrogen;  the  camiels 
are  abnormally  high.  The  inference  is  that  plant  remains  have  con- 
tributed  but  a  small  part  of  the  nitrogen  contained  in  coal,  and  that 
the  main  supply  has  come  from  ot^er  sources.  The  most  obvious 
eource  is  animal  matter,  and  this  was  probably  the  source  of  the  nitro- 
gen in  cannel.    Newberry  *  long  ago  pointed  out  that  fish  remains 


rir.  Chemk,  18M,  p.  SOB.   Sec  aba  his  CbemtactLe  Teobnologle  der  Biemtstoffe,  vol.  1,  pp. 


iZeRgdir.ai 

■  Am.  Joar.  BcL,  2d  s«.,  toL  23,  ISM,  p.  212.  J.  Kola  (OeoL  Vtg.,  ISM,  p.  208}  has  ftln  caHiid  attoittoil 
to  lh« tab  rammfcia  In  Laaaahlro  oannd.  B.  ReDBnU(BulL  Sue.  lud.  min.,  3d  ser.,  toL  M,  p.  138)regsida 
camd  u  formed  frnm  th«  aporCB  ol  crTptogBsu.  No  alen  an  bnnd  in  It,  or  voy  Eev.  Be*  alao  E.  C 
Jedrar,  Ftoc.  Am.  Acad.  Arts  and  SoL.voLM,  1910,  p.  2V3. 
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are  abundant  in  cannel  coal,  and  he  ai^es  that  the  beds  were  laid 
down  under  water.  V^etable  matter  formed  a  carbonaceous  paste, 
in  which  the  fish  remains  became  embedded  and  which  consolidated 
to  produce  cannel  coal. 

For  comparison  with  other  varieties  of  coal,  the  subjoined  averages 
wiU  be  useful  Moisture,  sulphur,  and  ash  are  exchided  from  the 
table,  except  when  otherwise  specified. 

Avtnige  analytu  of  bitwmxnout  coal. 


B.  ATsage  of  40  analfaa  of  bltomtncns  ooala  from  Ohio,  Indiana,  lUliula,  lowi,  and  lUmnrl   Aim 
from  the  aboTfr-naiiisd  niporll. 

C.  ATwage  of  It  uialT»  ol  Sootch  ODah,  by  W.  D.  AolKsan  and  J.  Robarts,  Jour.  Sue.  Cbem.  Ind, 
tdL  it,  18W,  p.  1013.   Siili^nir  la  Includad  tn  the  Bgnre  tat  oxtecd. 

D.  ATMBgBOflBoO  " 

ftted  from  anragcB  cited  b;  FIsdut,  In  Chembehe  Technotogle  d<r  BrcDnstoffe,  voL  1,  p.  SU. 


A 

B 

c 

D 

87.52 
6.20 
1.61 
6.67 

82.91 
6.70 
1.49 
9.90 

83.65 
6.4S 
1.86 
9.01 

N 

100.00 

100.00 

100.00 

UKKOO 

The  peculiar  chemical  differences  between  the  bituminous  coals 
and  lignite  were  described  in  the  preceding  section  of  this  chapter. 
Many  coals,  which  are  apparently  bituminous,  and  in  fact  are  bita- 
minous  so  far  as  technical  uses  are  concerned,  are  reaUy  lignitic;  at 
least  so  far  as  cut  be  judged  from  their  orig^  Their  true  character 
must  be  determined  by  researches  hke  those  of  Fremy  and  Donatli, 
but  refined  methods  of  investigation  are  yet  to  be  devised. 

ANTHRACITE. 

In  anthracite  the  transformation  of  vegetable  matter  into  carbon 
approaches  its  hmit.  On  one  side  of  this  class  of  coals  we  find  the 
variety  known  as  semianthracite;  on  the  other  they  approximate  to 
graphite.  The  technical  analyses  of  anthracite  show  a  laige  pro- 
portion of  fixed  carbon,  with  relatively  httle  volatilizable  matter — a 
relation  which  appears  in  iha  following  table. 


yGoogle 


Proximate  analytet  ofanAradU. 
a,  Arkansas.    Prom  rsport  ot  the  ooal-ttttfng  plant,  Fnjf.  Papa  XJ 


I.  OCDi. 


Btu-rey  No.  «g,  1906,  p.  20Z. 

B.  AntliraclU  culm,  Soanton,  PamaflvaiilB.   Idam,  p.  2t6, 

C.  Lykens  Valley,  Pams^Tanta. 
X>.  Bchuylkil]cial,Pain37leanla. 

K.  Cameroii  coal,  PanDiylvanla.  Analyse!  C,  D,  and  E  by  A.  S.  UoCi(ath,Sapt.  SecoddOeoL  Burroy, 
Penn-iylTonla,  toI.  UU.  This  TDlUnl«  contalna  many  athv  proximate  analyHs  at  onls.  B«a  also  C.  A. 
Asbbumer,  Trans.  Am.  Inst  Utn.  Eng.,  tdL  14,  ISTS-TS,  p.  TIM,  lor  a  tabulaUd  classmcatkin  ol  Petmsyl- 
vaiiia  anttkncltiB.  A  lar]^  munbtr  ot  proztmata  analyses  are  Uure  cited,  f  m  analyMS  o(  Colorado 
V.  P.  Eeodden,  Proa.  Colorado  Scl.  Soo.,  vol.  8,  IWT,  p.  257. 


A 

B 

c 

D 

B 

Moisture 

1.28 
12.82 
73.69 

2.08 
7.27 
74.32 

2.27 
8.83 
78.83 
.68 
9.39 

2.08 
3.38 

87.13 
.66 
5.85 

12.21 

1.8. 33 

100.00 

100.00 

100.00 

100.00 

100.00 

Ultimate  analyses  of  anthracites  are  much  less  numerous  than  for 
the  other  varieties  of  coal.  The  Bubjoineil  table,  however,  is  enough 
for  present  purposes.    Ash,  sulphm*,  and  moiBture  are  excluded. 

UUmaU  anal3/»e$  of  onMrante. 

A.  SemlantliracHe,  Arkansas;  the  same  as  A  la  the  preoedlnc  talite. 

B.  Wdsli  anlhnclle,  analysis  by  F.  Vanx,  Jour.  Cbem.  Soo.,  vol.  l,  1848,  p.  IDA. 

C.  From  SiraiiloD,  PemisyiTBnla.   Coal  B  of  the  preoadlng  table. 

D.  Pram  Manch  Chmik,  PenmylTanla.   Analysis  by  J,  Percy,  Qnart  Jonr.  OeoL  Boo.,  voL  1,  ISit, 

p.  204. 

E.  Prom  Province  or  Hunan,  China.  Analysis  by  P.  Haeassarmaiuiand  W.  Nasdiold,  Zettschi.  anfeir. 
Chemlt,  ISM,  p.  aSS.    this  paps-  contains  twanty-el^t  analysa  of  Cbhuse  ooals,  most  of  them  anthradtlo. 

F.  From  the  Ba^cirka,  Ural.  Analyst  by  Alexejeff,  cited  by  Bai^mann  In  an  Importaat  memoir 
upon  the  nitrogen  of  coal,  In  Alirea's  Bammlung  chemlsiiba  and  chsmlsch-lechnbchs'  Vortr&ge,  voL  0, 
p.  3311.    A  valoabla  table  of  coal  onalysn  ij  there  given. 

O.  AT«rage  ol.sixleen  analyses  ot  anthiactle,  compiled  Irom  various  souroea. 


A 

B 

C 

D 

£ 

P 

o 

91.47 
4.25 
1.64 

2.64 

92.73 
3.37 
.85 
3.05 

93.90 
3.22 
1.00 

1.88 

94.63 
2.73 
1.36 
1.28 

04.68 
2.29 

.76 
2.27 

97.46 
.61 
.35 
1.58 

93.50 

2.81 
.97 
2.72 

0 

100,00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

Anthracite,  however,  is  not  the  extreme  end  of  the  coal  series. 
There  are  pre-Carboniferous  coals,  which  are  found  only  in  small 
quantities,  and  whidi  approach  still  more  closely  to  pure  carbon. 
The  following  substances  belong  in  this  class,  with  the  possible  excep- 
tion of  ihe  first  example.  The  crude  analyses  are  given  first. 
87270°— Bull.  616—16 48 
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Analyta  of  imllmixoliu,  tehungiu,  and  grapkilM. 

A.  Anthnxollte,  am  KlngitoQ,  Caoadk.  Amlysts  by  W.  H.  EUli,  Cbsm.  N«m,  vol.  Tt,  IBH,  p.  I 
round  In  L^nr  SQisiu  llnmtooe. 

B.  Aiittmxgtlte,iiMir  Bodtnuy,  Caudft.  Aaalpla  b;  Ellta,  loc.  clt.  FouDd  In  tbe  Cambrim.  El 
^vm  p«rttel  tntljiH  of  mtbiuolttci  lh>n  thne  oUur  lonlttlo.  See  ilao  A.  P.  ColcDun,  Siitli  Ai 
R«pt  Ontario  Bor.  Uiua,  IWT. 

C.  Schnnctte,  tram  Bcbmici,  D«ar  Lek*  On^  Kiwh.  llcaa  o[  ili  (laljiea,  ndaoed 
tonn,  by  A.  Inoebaniall,  Henei  labrb.,  IBSO,  Budl.p.  VT;  no  eln  tbe  suna  Jomnd  fOr  : 
V.KL   Found  In  the  HnconJao. 

D.  OnphUold,  Item  tha  mm  lohin  and  pUjlUle  of  tbe  Engabbia.  AnalyibbjA.Si 
Dtntaob.  lagl.  a«MU.,  vol.  tj,  ISW,  p.  411. 


A 

B 

c 

1> 

9a  25 
4.16 
.52 
.66 
8.69 

04.92 
.52 
1.04 
.31 
L6S 

9a  n 

.43 
.43 

.72 

L62 

1.09 

100.00 

100.00 

100.06 

99.779 

Rejecting  ash,  water,  and  sulphiir,  theee  analyses  assume  the  fol- 
lowing form,  comparable  with  the  analyses  of  other  coaly  substances: 

JteealculaUdanal}/»e*<^anlhraxolile,  Khurtgitt,  and  grajMloid. 


A 

B 

c 

D 

91.53 
4.22 
.53 
3.72 

96.69 
.53 
1.06 
1.73 

90.12 
.44 

.44 

H 

N 

100.00 

100.00 

100.00 

100.00 

These  minerals,  and  many  anthracites  also,  might  be  properly 
deecribed  as  metamorphic  coals,  lliey  cannot,  however,  even  in  the 
extreme  cases,  be  termed  graphitic,  for  liiey  consist  plainly  of  amor- 
phous carbon.  Graphite  is  a  crystalline  mineral,  and  upon  treat- 
ment with  powerful  oxidizing  agents  it  can  be  transformed  into  a 
substance  Imown  as  graphitic  acid,'  C„H,Oi.  The  amorphous  car- 
bons do  not  yield  this  derivative,  and  Inostranzeff  failed  to  ohtaia  it 
from  schungite.  The  approach  to  graphite,  therefore,  is  empirical 
only,  and  not  constitutional — a  conclusion  winch  needs  to  be  checked 
by  a  study  of  many  other  so-called  "graphitic  coals."  TTjat  term 
may  be  apphcahle  in  some  cases,  but  they  are  yet  to  he  established. 

■  See  B.  C.  Brodla,  Lloblg^  Annalen,  vol.  114,  IBSa,  p.  6. 
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THE  VARIATIONS  OP  COAX. 

For  comparison  of  all  tihe  fuda,  starting  with  wood  and  ending 
with  anthiticite,  the  subjoined  table  has  been  compiled  from  Ihe 
data  ^ven  in  the  preceding  pages.  In  the  case  of  wood  the  figure 
for  nitrc^en  is  the  mean  of  the  determinations  by  Cberandiar,  Gott- 
lieb, and  Hawes. 

n  offutU. 


c 

B 

N 

o 

Wood                          

49.66 
66.M 
72.96 
S4  24 
93.60 

6.23 
6.28 
6.24 
6.66 
2.81 

a  92 

L72 
LSI 
1.62 
.97 

43.20 

8.69 

2.72 

This  table  may  be  restated  in  a  different  form,  ao  as  to  ahow  the 
proportion  of  the  other  elements  to  100  parts  of  carbon.  It  then 
appears  as  follows: 

CamparaUve  pnportiotu  ofetmititiunti  qffiult. 


c 

H 

H 

0 

100 
100 
100 
100 
100 

12.6 
1L3 
7.2 
6.6 
3.0 

L8 
3.1 
1.8 
L8 
L3 

Pe»t    

A  steady  decrease  in  hydrc^;en  and  oxygen  thus  becomes  apparent. 
The  data  for  xdttogea,  however,  are  leas  conclusive,  because  of  the 
uncertainty  in  the  analyses  of  wood.  If  Hawse's  average  for  the 
acrogen  plants,  1.59  per  cent  of  nitrogoi,  be  taken,  then  its  ratio 
becomes  3.1,  identical  with  the  figure  for  peat,  and  a  definite  decrease 
follows.  Kew  analyses  of  wood,  with  reference  especially  to  its 
nitrc^en  content,  are  much  to  be  desired. 

A  closer  scrutiny  of  the  forgoing  table  reveals  still  another  tact, 
namely,  that  the  proportional  decrease  in  oxygen  is  greater  than  in 
the  case  of  hydrogen.  In  cellulose,  C^io^t,  these  two  elements  exist 
in  exactly  the  proportions  required  to  form  water.  In  wood  the 
hydrogen  is  sUghtly  in  excess  of  that  ratio  (1:8),  and  the  excess 
steadily  inoreases  until,  in  anthracite,  it  is  proportionally  -very  lai^ 
In  wood  the  ratio  is  nearly  1 : 7 ;  in  anthracite,  roughly,  1:1. 

This  progressive  variation  in  the  ultimate  oompoation  of  the 
ooUs  impHee  a  corresponding  variation  in  their  proximate  character, 
a  class  of  dianges  to  which  attention  has  already  been  called.    Evta 
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tiie  (^udeet  analyses  are  conclusiTe  in  r^ard  to  one  form  of  varu- 
tion.  Peat,  ignited  in  a  covered  crucible,  yields  much  volatile  matte 
and  relatively  little  fixed  carbon.  In  lignite  the  fixed  carbon  i 
higher,  but  commonly  leea  than  the  TolatOe  products.  Bitamimras 
coal  is  progreasively  richer  in  fixed  cwbon,  while  in  antbratnte  tlic 
volatile  portion  has  become  exceedingly  small.  This  partacnlar 
variabiUty  is  so  characteristic  t^at  the  ratio  between  fixed  caHxt 
and  volatile  matter  has  been  adopted  by  some  authorities  as  a  bass 
for  the  classification  of  coals.*  Such  a  method  of  dassification  hs 
the  merit  of  convenience,  for  it  requires  only  proximate  analyse 
which  are  numerous  and  easily  made,  although  it  must  be  adniitto^ 
tiiat  their  accuracy  is  often  questionable.  Moreover,  the  nature  of 
t^e  volatile  matter  varice  in  different  kinds  of  coal,  a  part  of  it  bdsg 
combustible,  and  a  part  consisting  of  water  and  other  noncom- 
bustible  products  fonned  during  the  process  of  burning.  In  fact 
the  volatile  matter  is  exceedingly  complex,  as  b  ^own  by  a  study  a 
the  substances  formed  when  coal  is.  distilled  for  the  production  oS 
illuminating  gas.  The  gas  itself  may  contain  hydrocarbons,  fm 
hydrogen,  both  oxides  of  carbon,  nitrogen,  and  compounds  of  sul- 
phur. Ammoniacal  water  solutions  are  alao  produced,  t<^ether  vid) 
coal  tar;  and  in  the  latter  a  nimiber  of  complex  hydrocarbons  are 
found,  and  also  oxidized  bodies  sudi  as  phenoL  Iu'20  analyses  of 
coal  gas,  F.  F.  Frankland '  found  the  following  range  of  variatkois 
in  the  percentages  of  the  principal  constituente: 

VarvUiont  in  eompotition  o/  coal  gat. 

CO, Oto    2.73 

O, Oto    1.00 

N,. 2.07tolOJ4 

H, 33.21to53.7« 

CO 2.46  to   7.14 

CH^ 36.55  to  42.83 

The  other  products  of  distillation,  obviously,  must  have  betn 
equally  variable.  The  destructive  distillation  of  wood  yields  sub- 
stances quite  unlike  those  derived  from  coal;  methyl  alcohol,  acetone, 
and  acetic  acid  being  conspicuous  among  them.* 

On  account  of  this  distinction  between  the  combustible  and  nm- 
combustible  portions  of  the  distdlatea  from  coal,  S.  W.  Parr  *  hte 
proposed  a  technical  classification  of  these  fuels  which  differs  esseo- 
tially  from  the  system  above  mentioned.  His  scheme  is  based  upon 
the  ratio  between  the  total  carbon  and  the  carbon  of  the  volatile 
matter,  which  latter  is  lai^ely  but  not  wholly  combustible.    He  also 

1  Bm,  for  examtile,  F.  Fnier,  Traua.  Am.  Iiut.  llln.  Eug.,  vol.  B,  1877-78,  p.  430,  uidC.  A.  AiUiamt, 
Uam,  vol.  14,  I8SS-et,  p.  706. 

"  Joor,  Hoc.  Chan.  Ind.,  vol.  8, 18M,  p.  IJ3. 

■  A  good  iTtldc  on  the  dktaiBtloo  of  wood  ia  in  Walts's  Dlctlonaty  of  applied  cbamlsti7,  toI.  S,  UU,  p. 
UW.  Tin  nibjact  oan  not  be  dlacuaaed  at  lengUi  here. 

•  Boll.  No.  3,  DllDola  0«ti.  Snrvsr,  IKM.    Alao  Jour.  Am.  Cbem.  Boo.,  vol.K,  lHM,p.  lUE. 


tiona  of  oxygen  and  hydrocarboos.    The  folloidng  examples  are  sofii- 
cieat  to  show  the  general  nature  of  hia  analyses: 

Analgia  ofgatafiom  ligniU. 

A.  Oi>  from  Botxemlan  UgnlM,  srtneted  at  IKI*. 

B.  Oisbom  BovarHcaOiflEldllgnltaBtlU'i  lOOgmiiBotoiial 

C.  Ou  bom  the  luie  oal  at  IX*,  ESS  mbla  ontlnwtMS. 

D.  StMm  coal.   147.4  «ible  oaatliMtvs  gta. 

E.  Om  evolved  IramsuiiplaD  DO  hsttiig  to  aoo*. 


A 

B 

c 

D 

B 

»6.41 
1.20 

87.26 
3.58 

80.53 
6.11 

96.06 
3.20 

co! v.v. : 

Tnces. 

.33 

CM. 

&;    ;.; 

.32 
2.17 

.24 
8.92 

.33 
5,03 

N*,. 

.42 

"100. 10 

100.00 

100.00 

100.00 

100.00 

a  The  error  In  sununatioD  b  probablr  due  lo 


D  unidcntUtable  mlqirint  la  the  ort^iul. 


Marsh  gas,  it  will  be  seen,  only  appears  in  the  product  of  heatjng 
lignite  to  200°  after  decomposition  had  begun.  In  these  lignites,  at 
least,  marsh  gas  is  not  nonnilly  occluded,  but  it  would  be  raah  to  say 
that  all  other  lignites  follow  the  same  rule.  It  is  desirable  that  many 
more  lignites  should  be  exunined  in  order  to  see  whether  or  not  they 
exhibit  the  same  peculiarity.  The  samples  studied  by  Thomas  may 
possibly  be  exceptional. 

In  another  invesUgation  Thomas  *  examined  the  gaaes  extracted  in 
vacuo  at  100°  from  cannel  coal  uid  jet.  The  analyses  are  subjoined, 
with  a  statement  of  the  volume  of  gas  yielded  by  100  grams  of  each 
sample. 

Analiiset  o/giueifivm  ctmncl  coal  andjtt. 

A.  WlgBnCBiuul.    421.3  oublo  ccDtlmeura  ESS. 

B.  WlRmoumel.   35ae  cnblo  centtmelen  gu. 

C.  SDOtoh  cannel,  Wlboatowti.    lG.g  miblo  cmtbiulss  gu. 

D.  Sodtch  ouuibI,  Ltsnulueo.   Bt.T  oublo  eeDtlmetan  gas. 

X- CanDelitu]e,Laswada,nearEdbibiiieh.   SG.7  cabio  omUmatcn  pa. 
F.  Wbftbyjet.   30.3  oablo  ocoUmeCcn  EU. 


A 

B 

c 

D 

s 

F 

CO, 

6.44 
80.69 
4.76 

8.06 
77.19 
7.80 

63.94 

84  56 

68.75 

laas 

2.67 

.91 

86.M 

8.12 

5.M 

46.06 

14.64 

28.68 

100.00 

loaoo 

100.00 

100.00 

100.00 

100.00 
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the  bitummous  mines  are  the  most  seriously  affected  by  fire  dan' 
In  the  coal  beds  themselTes  the  bituminous  coals  are  riches'.  _ 
gaseous  occlusions.  McConnell,  in  the  memoir  ppevioualy  ciw 
also  points  out  that  in  the  Newcastle  region  the  older  and  deeper  coa. 
contiun  the  most  methane,  while  in  the  younger  seams  carbon  diox. ! 
may  predominate  even  to  the  exclusion  of  combustible  gases.  In  _ 
investigation  of  the  Welsh  coals,  Thomas  analyzed  14  samples  of  ira^ 
emitted  from  crevices  or  "blowers"  in  the  mines,  and  found  that  ti  - 
contuned  from  47.37  to  97.65  per  cent  of  methane,  with  over  :- 
per  cent  in  all  but  two  of  them.  Other  earlier  analyses  of  coUir- 
gases  have  told  easentiaUy  the  same  story.'  Methane  is  the  princip^ 
gas  of  coal  beds. 

ARTIFICIAL  COALS. 

Various  attempts  have  been  made  to  prepare  artificial  coals  in  iIk 
hope  of  guning  some  information  upon  the  genesis  of  the  natur^ 
products.  Two  lines  of  research  are  represented  in  these  efforts,  but 
neither  has  yet  led  to  any  final  conclusions. 

In  tiie  first  class  of  experiments  it  was  sought  to  produce  coals  bj 
pressure.  W.  Spring  *  subjected  peat  to  a  pressure  of  6,000  atmee- 
pheres,  and  transformed  it  into  a  hard,  black,  brilUant  solid  whiii 
was  outwardly  undistinguishable  from  coal.  On  the  other  hand,  Ti. 
Zeiller,'  working  with  pressures  of  2,000  to  6,000  kilc^&ms  to  the 
square  centimeter,  found  that  peat  and  also  the  "ulmic  acid"  froni 
the  paper  coals  of  Kuasia  were  merely  compacted  without  chan^ 
of  chemical  character.  They  retained  their  solubility  in  ammonU 
and  showed  no  evidence  of  a  true  tran^ormation  into  coaL  Some 
experiments  by  Gtlmbel,'  who  subjected  lignite  to  pressure  as  hio^ 
as  20,000  atmospheres,  showed  that  even  imder  such  conditions  no 
serious  changes  were  produced  and  tiat  the  v^etable  structure  was 
in  great  measure  preserved. 

In  the  second  class  of  experiments  heat  is  used  as  the  transformiii; 
agent.  In  the  ordinary  process  of  charcoal  burning  wood  is  heaW 
out  of  free  access  of  air,  decomposition  ensues,  volatile  matter  is 
expelled,  and  a  form  of  amorphous  carbon  finally  remains  in  Itw 
kiln.    Violette,*  who  has  studied  this  process  witli  great  care,  found 

■  6«e  O.  BfacboT,  E<]liiburg}i  N«w  PIiilaa.JouT.,To1.Z9,18«i,p.3im:  Tal.30,IS40,p.l37;T.  (kalnin.llm. 
Cham.  Boc.,  toL  3,  IMS,  p.  T;  Lyoa  Pl^talr,  Umo.  Om.  Bazvty  Qttat  BriUb,  n^  1, 1MB,  p.  WO.  .t 
iaoaitpapccDaUiega3«a<ii«ialbby  F.  Q.  TiDbtli]e*,}our.S«).taian.Iiid.,T(il.2S,  ISOe.p.lia.  Sk 
aba  the  siulyMS  ot  «ipkMlve  gaaa  fram  Amcricao  ooab  by  R.  T.  ChsmbsUn,  tn  Boll.  IT.  8.  Gei. 
aanrcT  No.  383,  IHM.  Id  tham  mettisa*  is  thg  Impoiiwit  ooiBtltpait.  On  a«  oDm  tund,  iiacG  Ino 
Bn»bnaoaliuialfi«db7  J.  I[B7ar{Jaur.  pnkt.Chsni.,ZdBW.,  vol.BO,  lS14,p.  HUooDtfttiwdpniK^; 
eaibon  dioxide  (cliotcB  dampl,  with  some  mygm  uid  dIIr^ch,  uid  methane  ocxsaloiuil;.  Btrntmik 
on  gtaa  in  coel  by  C.  H.  Porta'  and  F.  K.  OtIU  la  publbhed  in  Tuch.  FapsO.  B.  Sur.  Ifloa  No.  3, 191J. 

■Bull.  Acad. roy.  act.  Belgiqua,  vol.49,lB30,  p.367. 

t  Bull.  Boc.  ffiol.  France,  3d  sir.,  vol.  12,  ISM,  p.  6n0. 

•  SlUungib,  Uath.-phya.  Claffle,  K.  bsyar.  AkBd.  Wis.  HIlDChn,  vol.  13, 1W3,  p.  141. 

•  Asnalnoblm.  pliyi.,  3d  wr.,  vol.  32, 1861,  p.  301. 
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tliat  when  wood  was  heated  nearly  to  400°  in  a  sealed  tube,  78.5  per 
cent  of  it  remained  as  a  solid  residue  which  had  all  the  appearance 
of  a  fatty  coal.  In  this  case  the  volatile  substances  exerted  a  great 
pressure  upon  the  contents  of  the  tube,  and  a  product  very  different 
from  ordinary  charcoal  was  formed.  By  heating  wood  under  con- 
ditions which  permitted  the  volatile  matter  to  escape,  he  obtained 
a  series  of  charcofils  which  varied  in  composition  according  to  the 
temperature  at  which  they  were  prepared.  The  experiments  were 
conducted  at  temperatures  ranging  from  150°  to  the  melting  point 
of  platinum;  and  his  analjrses  of  the  products  thus  formed,  2S  in 
all,  show  pn^essive  changes,  analogous  to  the  changes  observed  in 
the  passage  from  wood  to  anthracite.  The  charcoals,  however,  are 
not  identical  with  coal,  but  differ  from  it  both  texturaUy  and 
chemically.  A  finished  charcoal  is  really  the  analogue  of  coke,  being 
in  fact  the  coke  of  wood ;  but  in  its  preparation  it  is  possible  to  trace, 
step  by  step,  the  breaking  down  of  the  original  ligneous  fiber.  -  For 
that  reason  it  is  most  desirable  that  the  chemistry  of  charcoal  burning 
should  be  studied  much  more  in  detail  than  it  has  been  hitherto. 

Violette's  oxperimeata  with  wood  in  sealed  tubes  were  not  the  first 
of  their  kind.  Early  in  the  nineteenth  century  Sir  James  Hall 
obtaioed  an  artificial  coal  by  heating  wood  in  a  closed  cylinder  of 
iron,  and  in  1850  or  1851  C.  Cagniard-Latour '  performed  essentially 
the  same  experiment  in  tubes  of  glass.  These  earlier  experiments, 
however,  were  merely  qualitative,  for  the  products  obtained  were  not 
analyzed. 

In  1879  Fremy'  published  an  iatereeting  series  of  observations, 
based  upon  experiments  with  carbohydrates  other  than  cellulose,  and 
upon  the  so-called  "ulmic  acid"  from  two  sources.  One  example  of 
ulmic  acid  was  extracted  from  peat;  the  other  was  prepared  from  a 
constituent  of  woody  tissue  to  which  Fremy  gave  the  name  vasculose. 
The  substances  were  all  heated  in  sealed  glass  tubes  to  temperatures 
which  seem  to  have  been  near  300°  and  yidded  residues  which 
behaved  in  all  respects  like  coal.  When  heated  to  redness,  they 
gave  off  water,  gas,  and  tar  and  left  behind  a  remainder  of  coke. 
These  artificial  coals  had  the  following  compoedtion: 

CtmporUton  of  artificial  ooaU. 


Coal  from  sugar 66. 84  4 

Coal  from  Btarch 68.48  4.68  26,84 

Coal  from  gum  arable 78. 78  5. 00  16.  22 

Coal  from  ulmic  add,  peat 76. 06  4.  99  18,  95 

Coal  from  ulmic  add,  vaaculose 78.78  5.31  18.26 


>  Comiil.  Smd.,  vol.  32,  ISSl,  p.  Nb.  <  Id«n,  tqL  SS,  ISTB,  p.  IDtS. 
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The  Bunilaritj  of  these  producte  to  natural  coals,  especially  in  tlu 
last  three  examples,  is  evident. 

Still  moPe  recent  e^eriments  of  this  order  are  those  of  S-  Stein.' 
He  heated  wood  with  water  in  sealed  tubes,  but  at  diSereat  tempera- 
tures, and  partially  analyzed  the  coaly  substancee  thua  obtained. 
His  results  are  briefly  as  follows: 

Eiperimentt  to  obtain  coaly  produUtfivm  mood. 


h^! 

" 

n 

246 

64.3 

5.4 

250 

GO.  2 

5.1 

255 

70.3 

6.2 

265 

72.8 

4.7 

275 

74.0 

4.5 

280 

77.6 

4.1 

290 

81.3 

as 

Here  we  have  a  series  of  products  ran^ng  in  composition  from  a 
substance  near  peat  to  one  more  closely  resembling  coal.     Only,  it 
must  be  observed,  the  hydrogen  toward  the  end  of  the  series  is  lower 
than  in  coals  showing  the  same  percentage  of  carbon.    The  parallel- 
ism between  the  artificial  and  the  natural  substancee  is  therefore  not 
quite  complete.    The  natural  inference  from  this  conclusion  is  that 
agencies  other  than  heat  and  pressure  have  taken  part  in  the  car- 
bonization of  vegetable  matter,  and  these  may  have  been  microbian 
in  character.    The  function  of  heat  is  to  decompose  the  oi^anic  tx>]zi- 
plexes;  that  of  pressure  is  to  retard  the  change  and  to  prevent  ihe 
escape  of  the  volatile  products;  the  combined  effect  must  vary  with 
variations  in  the  intensity  of  the  two  agencies.    If  an  exact  adjiist- 
ment  of  heat  and  pressure  could  be  arranged,  it  is  possible  that  a 
true  artificial  coal  might  be  prepared,  but  this  is  a  mere  supposition. 

From  one  point  of  view  the  experiments  with  sealed  tubes  appear 
to  be  irrelevant.  The  change  of  woody  fiber  to  peat  or  lignite  is 
initiated  at  low  temperatures  and  under  nearly  atmospheric  pressure, 
conditions  quite  unlike  those  which  either  Yiolette  or  Stein  adopted. 
As  the  rotted  material  becomes  buried  the  pressure  upon  it  increases; 
but,  except  where  igneous  intrusions  have  operated,  there  is  nothing 
to  show  that  especially  high  temperatures  have  been  at  work.  The 
element  of  time,  however,  must  be  considered.  The  natural  procesace 
are  carried  on  slowly;  and  it  may  be  that  the  laboratory  methods 
merely  aoc^erate  them.  So  far,  then,  the  experiments  are  pertinent 
but  inconclusive.     They  certainly  do  not  cover  all  the  ground.     All 
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Aialv  can  be  said  is  that  moderate  temperatures  and  pressures,  oper- 
ating for  a  long  time,  may  produce  results  resembling  those  which 
xr&  l>rought  about  rapidly  in  the  laboratory. 

In  order  to  account  for  what  we  raight  call  the  anthragenetlo 
process,  various  hypotheses  have  been  framed.  J.  F.  Hofmann,'  for 
e^cajnple,  has  used  the  analogy  offered  by  the  spontaneous  combus- 
tion of  grain,  flax,  and  hay,  and  suggested  that  something  of  the 
same  sort  may  happen  in  the  buried  materials  from  which  coal  is 
fonaod.  In  that  phenomenon  heat  is  generated  by  fermentation, 
and  when  actual  inflammation  is  prevented  for  lack  of  air  a  partial 
carlTonization  may  occur.  In  cases  of  this  kind  heat  is  generated 
locally  and  an  imperfect  combustion  occurs.  Hofmann's  suggestions 
are  interesting,  but,  so  far  as  the  fonnation  of  coal  is  concerned,  the 
evidence  in  their  favor  is  very  incomplete. 

How  far  micro-oi^anisms  are  active  in  the  formation  of  coal  is 
doubtfiil.  They  abound  in  the  stagnant  waters  of  swamps,  and 
certainly  have  much  to  do  with  the  earlier  stages  of  vegetable  decay. 
They  stort  the  procoBS,  but  at  the  same  time  they  generate  antiseptic 
compounds  which  limit  their  activity.  Peat,  not  far  below  the  sur- 
face, is  distinctly  antiseptic  and  inimical  to  microbian  life.  Never- 
theless, a  number  of  authorities  have  ai^ed  strongly  in  favor  of 
these  organ isTtiH  as  principal  ^ents  in  anthre^nesis.  B.  Kenault ' 
has  found  their  remains  in  hgnite  and  coal  in  significant  abundance 
and  variety. 

THE  CONSTmjTION  OF  COAL. 

In  the  preceding  p^es,  under  other  captions,  I  have  cited  a  good 
deal  of  evidence  relative  to  the  substances  found  in  coal  or  from 
which  coal  has  been  derived.  Ita  vegetable  or^n  is  dear  and  needs 
no  further  discussion  now;  its  present  constitution  is  more  difficult 
to  determine. 

The  question  of  constitution  presenie  itself  under  two  aspects,  the 
one  Btnictural  the  other  chemical.  On  the  one  side  microscopic  evi- 
dence is  available,  and  it  is  seen  that  coal  contains  vegetable  remains, 
micro-organisms,  reeinoid  bodies,  and  so  on.  In  some  coals  spores  or 
spore  cells  are  abundant;*  in  others,  as  shown  by  Renault,  remains  of 

<  ZclUchr.  aneeir.  CbamlB,  1902,  p.  831. 

■  BulLBocbid.  mfai.,3d)«r.,voL13,18M,p.8BI>;  vol.  U,  IMO,  p.  1.  See  alio  L.  Lemlira,  Idem,  4Ui  »r., 
vol.  1,  IMS,  pp.  £51,  I24S,  uid  vol.  S,  19M,  p.  373.  Mao  Id  Compt.  mtd.  Vm  Cang.  gtoL  loMmat.,  IMO, 
p.ea2.  Lemliirei^vdsthe3aIubleordlutBUaIeTiiieiita,derived&i>mllvb]gveget&tkm,eaiJ«oo[i««Uve 
Id  the  procea  of  vegetable  decay. 

'BhJ.  W.  Davson,  Am.  Jour.  Set,  adsar.,  voLl,  1S71,  p.  256.  E.  Ortos  (Mem,  vol.24, 1881, p.  171) 
ttateg  that  apore  oases  are  abuDdaDt  Id  the  "ml>CarbonlIMi>m"  rooks  ol  Ohio,  and  are  also  (bund  In  Ibe 
DtTonbii.  On  tbe  microaaaplc  BtniDtare  of  the  natural  hTdrocarbons,  realm,  and  ooala,  see  Fischer  and 
Bii3t,Z4ttadiT.  Eryit.  UlD.,  voL7, 1883,p.  209.  The  Important  memoirs  b;  Bertrand  and  Benaultaud 
b^  JtSn;  have  already  been  lalennl  to.  Bee  also  White  aod  ThlesseD'a  bulletin  od  the  orlcfn  o(  ooal, 
tlnady  oitad,  for  a  toll  iDlnoiBTy  of  this  sutfeot,  with  nuDy  addttlon*!  del«n>L 


.y  Google 


764  THE   DATA   OP    GEOCHEMISTBY. 

algSB  are  found.  The  lignites  are  obviously  derived  from  woody  fiber. 
and,  in  short,  in  many  cases  the  proximate  origin  of  the  coals  is  n>:-t 
difficult  to  determine.  Their  structure,  microscopic  or  macroecopK, 
tells  a  pretty  clear  story. 

On  the  cJiemical  side  the  problems  are  much  less  simple.  Ths 
proximate  constituents  of  coal  are  most  imperfectly  known  and  the 
httle  knowledge  we  have  is  mainly  qualitative.  The  necessarr 
investigations  are  difficult,  the  methods  are  not  well  formulated,  and 
the  available  data  are  scattered  and  fragmentary.  To  what  extent 
free  carbon  exists  in  coals  is  still  an  open  question.  It  is  probably 
absent  from  lignite  and  abundant  in  the  extreme  anthracites;  but 
its  quantitative  determination  can  not  be  effected  by  any  knows 
analytical  process. 

There  are  two  distinct  hues  of  attack  upon  the  problem  in  ques- 
tion. First,  by  means  of  solvents,  to  extract  certain  constituents  ot 
coal  and  to  identify  them.  Some  of  these  constituents,  which  are 
commonly  small  in  amount,  can  be  dissolved  by  gasoline,  ether,  b^i- 
zene,  chloroform,  alcohol,  and  other  organic  solvents.  The  extrac- 
tive matter  thus  obtained  is,  unfortunately,  not  simple,  but  seems 
to  contain  a  mixture  of  substances  whose  nature  is  yet  to  be  determ- 
ined. By  handhng  lat^e  quantities  of  material  these  bodies  may  be 
obtained  in  sufficient  abundance  for  more  complete  investigation, 
and  their  separation  into  definite  fractions  is  by  no  means  hopeless.' 
The  remarkable  solvent  action  of  pyridine  upon  some  of  the  con- 
stituents of  coal,  as  studied  in  recent  years  by  several  investigators,* 
also  offers  a  promising  line  of  attack  upon  the  problems. 

Alkaline  solvents,  such  as  caustic  soda,  caustic  potash,  and  ammo- 
nia, dissolve,  as  we  have  already  seen,  humic  substances  from  peat 
and  brown  coal,  but  not  from  the  older  carbons.  These  substances 
are  indefinite,  but  in  time  their  nature  may  be  determined,  and  their 
correlation  with  the  ligneous  carbohydrates  ought  then  to  become 
possible.  If,  however,  as  is  supposed,  some  coals  are  derived  from 
gelatinous  algee,  the  problem  becomes  more  complex.  The  chemical 
constitution  of  those  forms  of  vegetation  is  still  very  obscure.  Up 
to  the  present  time  the  mistake  has  been  made,  by  chemists  engf^ed 
in  the  study  of  coal,  of  assuming  that  the  celluloses  are  the  chief 
starting  points — an  assumption  which  is  not  unqualifiedly  true.    Car- 

■  Ontblssiililtetseethtsuthcrltlmalrradrcttad.  Alio  P.  Bleiinuiin,  Prgisa.  Z«ttadu'.B«IE^EflttcD■ 
tl,  BalimnwcMD,  vid.  39,  18»1,  p.  27.  F.  Uuck  (Die  Cbemh  der  Stcinkahla,  Latpiig,  mi)  firm  *  Eood 
gominuT  of  earlier  investlgBtloiu  by  DoDdorS,  KsliiKh,  eU:.  An  Inttreating  memoir  b;  W.C.  Andmia 
(Prod.  Phllos.  Boc.  Glasgow,  vol.  29,  U97,  p.  71)  ilso  dMcrlbes  ft  number  of  Impotant  experiments. 

•  T.BBker.Traiu.Inst.  Uln,  eiig,,TaI.i»,l90D,p,l»:  uidP.P.BedBaD,Joiir.Soc.Ch(Di.Ind.,Tol.n, 
1908,  p.  117.  SeealsoE.  Donath.Chem.  Zeltung.Tol.aa,  19as,p.  lzn;I,.VlRiuiD,CDmpt.KeiMl.,T(d.Ug, 
1914,p.l421:  A.WiU,ldem,vol.lM,p.l096.  J.C.W.Frem-iuid  E.O.HoSmBnCTscdi.Fapcr  U.S.Bn. 
UlueaNo.  S,  1913)  tuTB  studied  the  exbaetB  obtained  from  co^  vltb  phenol.  A.Pictetaod  L.Ranmrv 
(Ber.  Deutsch.  chem.  Oesell.Tol.  44, 1911,  p.  3188},  by  extrsctlon  with  bot  bsuene  abUfrnd  btxbjOm- 
fluorene,  Cii  TIu.  By  solution  wlUi  caibon  dbolpbide  E.  Donsth  uid  O.  Mmnrurtfidt  (Chtm.  Zsttnic, 
1906,  p.  IITI)  «xtT»ct«d  taUmoeoe  and  chryaooe  bom  a  amnan  oAlng  ontL 
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■ons  of  animBl  origin  also  require  attention.    Much  preliminary  work 
■t  tbia  kind  remains  to  be  dooe. 

The  direct  separation  of  its  constituents  from  coal  is,  however, 
possible  only  to  a  very  limited  extent.  Hence  the  second  line  of 
Lttack,  the  conversion  of  these  bodies  into  rec(^;nizable  derivatiTes, 
.3  also  essential.  Not  only  do  we  need  more  experiments  along  the 
line  developed  by  Donath,  whose  distinction  between  the  lignites  and 
the  true  coals  has  already  been  discussed,  but  much  more  needs  to  be 
done  in  the  study  of  oxidation  products,  chlorine  derivatives,  etc. 
For  example,  in  addition  to  the  resesrchee  upon  the  nitrocompounds 
derivable  from  coal  and  the  chlorination  experiments  reported  to  the 
Sritish  Association,  there  are  investigations  hke  that  conducted  by 
L.  Scbinnerer  and  T.  Morawsky.'  These  chemists  fused  lignite  with 
caustic  soda,  and  by  distillation  of  the  melt  obtained  pyrocatechio, 
which  is  a  benzene  derivative.  The  true  coals,  so  far  as  examined, 
did  not  yield  this  compoimd,  which  seems  to  have  been  produced 
from  the  resiooid  constituents  of  the  lignite.  By  experiments  of  this 
order  the  compounds  existing  in  coal  can  be  correlated  with  other 
substances  of  known  constitution,  and  some  at  least  of  the  problems 
which  confront  us  may  be  solved.  The  future  chemistry  of  coal  wiU 
be  shaped  by  a  study  of  its  immediate  constitution  and  not  by  the 
multiplication  of  empirical  analyses. 

I  B<t.  DcaUch.  Cham,  Oeadl.,  Tol.  S,  lgn,p.  ISS. 
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